
NAVAL POSTGRADUATE SCHOOL®
Monterey, California

AD-A245 192

DTIC Z*Co t -OS ELECTE
JN3 1 1992

THESIS

ANALYSIS OF SHIELDED SUSPENDED
STRIPLINE

DISCONTINUITIES

by

Eddie L. McIntyre

December 1990

Thesis Advisor: H.A. Atwater

Approved for public release; distribution is unlimited.

92-02441
': ' Ill I1 illl1111111111111i



SSECUIUTYLASIFCAON OF THIS PAE
Form Approved

REPORT DOCUMENTATION PAGE OMONo.0704-018

Ia. REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS

TNT.A T1Tb 
___._

2&. SECURITY CLASSIFICATION AUTHORITY 3. DISTT;ONI/AABAILITY EPORT,ppova orpulC release;

2b. DECLASSIFICATION /DOWNGRADING SCHEDULE distribution is unlimited

4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

Naval Postgraduate School

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION* Naval Postgraduate School J Aappicable) Naval Postgraduate School

6c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)

0 Monterey CA 93943-5000 Monterey, CA 93943-5000

Ba. NAME OF FUNDING /SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

c. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. NO. NO. ACCESSION NO.

11. TITLE (Include Security Classification)
Analysis of Shielded Suspended Stripline Discontinuities

12. PERSONAL AUTHOR(S)
McIntyre, Eddie L.

13s. TYPE OF REPORT 13b. TIME COVERED 114. DATE OF REPORT (Year, Month, Day) 115 PAGE COUNT
Master's Thesis FROM TO _ 1990 September 27 122

16. SUPPLEMENTARY NOTATION The views expressed in this thesis are those of the author and do

not reflect the official policy or position of the Department of Defense or the US gov't
17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB-GROUP
Suspended Stripline Discontinuities

19, ABSTRACT (Continue on reverse if necessary and identify by block number)
An evaluation of the shielded stripline was conducted using an X-banb waveguide

to isolate a suspended strip transmission line. The analysis was conducted below
the functional cutoff frequency of the X-band guide over a broad range of frequ-
encies. The scattering coefficients were measured and used to compute the gap
capacitances of the transmission line.
The gap discontinuities were then used to confirm the theorectical assumed pi-

equivalent circuit.

20. DISTRIBUTION /AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
0UNCLASSIFIEDIUNLIMITED 0 SAME AS RPT. 0 DTIC USERS Unclassified

72a NAME OF RESPONSIBLE INDIVIDUAL Z2b. TELEPHONE (Include Area Code, 
22c. OFFICE SYMBOL

H.A. Awntar tf 2f n1 O/_
DD Form 1473, JUN 86 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGE

S/N 0102-LF-014-6603

i



I

Approved for public release; distribution is unlimited.

Analysis of Shielded Suspended

Stripline Discontinuities

by

Eddie L. McIntyre
Lieutenant , United States Navy

B.S., Illinois Institute of Technology, 1985

Submitted in partial fulfillment

of the requirements for the degree of

MASTER OF SCIENCE IN SYSTEMS ENGINEERING

(ELECTRONIC WARFARE)

from the

NAVAL POSTGRADUATE SCHOOL

Decembery) 90

Author: 4 k
Eddie L. McIntyre

Approved by: e , ZL >
Harry A. Atwater, Thesis Advisor

JameS. Powell, Co ander,USN, Second Reader

Joseph Sternbeg, Chairman,

Electronic Warfare Academic Group

ii



ABSTRACT

An evaluation of the shielded suspended stripline was

conducted using an X-band waveguide to isolate a suspended

strip transmission line. The analysis was conducted below the

functional cutoff frequency of the X-band waveguide over a

wide range of frequencies. The scattering coefficients were

measured and used to compute the gap capacitances of the

structure.

The gap discontinuities were then used to confirm the

theoretical assumed pi-equivalent circuit.
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I. INTRODUCTION

Microwave transmission media are becoming more widely used

in current technology. Their applications in radar and missile

guidance systems is a principal driving factor behind the

attention being devoted to them. Because of their ability to

minimize losses, and maintain moderate dispersion

characteristics at higher operating frequencies compared to

microstrip lines, suspended substrate lines are an important

choice for microwave design. Also contributing to their

importance is the shielding isolation of the transmission

system.

Basic planar microstrip circuitry has been under

development for a long period and there is an abundance of

literature available on this medium. The shielded suspended-

substrate stripline (SSL) is presently in its developmental

state and its discontinuity design equations have yet to be

verified.

The objective of this thesis is to confirm through

measurement the gap and other discontinuities of the SSL

structures as applied in microwave filter design. This will be

accomplished by designing a test structure which is a

prototype of the basic shielded line element used in proposed

filter structures. The major limitation in the design is the



availability of adequate milling facilities and laboratory

test equipment. This limitation impacts on the possibility of

measurements in system-level KA band WR-28 waveguide, so that

scaled measurements are made on X-band waveguide models.

Higher frequencies require accurate milling and precision

measuring equipment, neither of which is accessible at the

location of the present work.
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II. SHIELDED SUSPENDED STRIPLINE DESIGN

In order to confirm theoretical values of the SSL gap

capacitance discontinues it is necessary to design a structure

which allows for the experimental testing of the

discontinuities of interest. This chapter describes the

analysis process used in designing the device to be tested.

The structure to be tested is composed of a dielectric

substrate with a stripline conductor suspended within a

shield. Figure 1 is a cross-sectional view of the transmission

structure to be tested.

T

I I

Pigure 1. Cross-sectional view of
SSL

[Ref. 1] and [Ref. 2] were the available

sources of closed-form expressions for the quasi-static

transmission parameters of the SSL structure to be tested. The

equations governing the design as developed by [Ref. 1) and

[Ref. 2] are as given in Appendix A.
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Allowing the width of the stripline to vary within an

enclosed structure (WR(90) waveguide) on a substrate with er

= 2.54 (Rexolite) ,Figure 2 shows that the characteristic

impedance of the microstrip line decreases as the width of the

line is increased.

Analysis calculation of SSL structure

200

~180--

~160-
0 40

1 20-

~100-

*80

U 40-

~20 -

010 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

- -- W-r width of Substrate

Figure 2. Z. v. width

Reference 2 shows that the result tends to be within 1%

agreement with the least squares curve fitting to data which

can be obtained by using Super Compact for the structure of

interest. The method incorporated by S-Compact synthesizes a

strip width for a given characteristic impedance.

The characteristic impedance is slowly frequency

dependent. It is assumed however, that the wave propagation

4



mode will be quasi-TEM. In order to avoid waveguide mode

propagation the functional cutoff frequency of the waveguide

must be established.

The functional operating range and waveguide mode

cutoff frequency is given by the following equation [Ref. 3]:

fC C h e e-1)()

*~- f Cr l- (~ ) (1)
-C2a b e1

where

fc= cutoff frequency

C = speed of light

[Ref. 3] concludes that from this it can be shown that

for relatively low values of substrate permittivity (c,), the

lowest waveguide modes expected will be the LSM11 or distorted

TE01. This allows the designer of a SSL structure to predict

the highest frequency which can be utilized while preventing

waveguide mode propagation. This further implies that all

useful data must be obtained at frequency below the cutoff-

frequency of the structure. The behavior of the structure at

frequencies above the cutoff are unpredictable due to unwanted

waveguide modes.

To facilitate laboratory measurements and structure

construction the test were conducted at frequencies which were

easily accessible and optimum for the structure tested.

5



However, precautions had to be taken to avoid unwanted

coupling between components and unwanted resonances. The

precautions taken, discussed further in Chapter 3, were

particularly important since the waveguide chosen was WR-(90)

X band, which is much larger than the K band guides used in

previous evaluations. The overall length of the device can not

be an integer multiple of any of the stripline wavelengths

that will be used to obtain discontinuity measurements. This

is necessary to avoid resonance within the shielded structure.

The occurrence of resonance is expected to yield inaccurate

data.

The design utilized X-band waveguide as the channel to

shield the suspended substrate transmission line. As mentioned

in the above paragraph the cutoff frequencies of the structure

could be calculated. Utilizing equation 1 we find that the

cutoff frequency for the chosen X-band waveguide is

approximately 5.907 GHz.

A. SUBSTRATE WITH GAP STRIPLINE

The physical layout of the substrate with the stripline

gap is shown in Figure 3. The design was based on the

expectation that the individual gap was expected to have a

series capacitance plus capacitances to ground(shield) due to

the fringing fields at the break in the line.

The calculations for the theoretical capacitances were

based on work completed by (Ref. 2] and [Ref. 4]

6



h

T _- -
Figure 3. Substrate with
stripline conductor

[Ref. 2] used a method which placed a suspended stripline on

a substrate in a shielded box with the stripline having a 1/2

gap length at each end an approximate circuit was developed.

Figure 4 is a representation of the above mentioned method.

This method differs from the quasi-static approach (appendix

1) in determining discontinuities by assuming electric and

magnetic walls at the ends of the enclosure and completing two

separate calculations to derive the gap capacitance. The first

calculation assumes an electric E-field within the shield

which has no component perpendicular to the magnetic walls.

The second calculation assumes an E-field within the shielded

box which has perpendicular components to the end walls. Both

calculations then take the assumed fields and express them in

the form of finite series summations in which each term is

individually a solution to Laplace's equations.

7



2C 2C L 2Cg 2 Cg

Op (4

Figure 4. Assumed equivalent circuit[Ref. 2]

where

Cg = the series gap capacitance which represents the

electrostatic capacitance between the two open ends

of line at the gap. This is represented here by

capacitor,2C. and the image in the end wall of the

shield.

Co = capacitance of the uniform microstrip transmission

line with length 1.

Cp= parasitic capacitance due to electrostatic field

lines extending from open ends to ground.

Once the total capacitance between the line section and

the enclosing shield box for the two cases has been computed,

the gap capacitance C. and the parasitic capacitance Cp can be

calculated using the following relationship:

8



CE-CM(2Cg= c c (2)
Ce 4

CM-Co
C= 2

where

1 = length of the strip transmission line, and CE and CM are

the total capacitances of the strip to ground for the electric

and magnetic-wall cases, respectively.

The above method was incorporated in a FORTRAN program

which was confirmed by [REF 2.] to compute the gap and

parasitic capacitances of a (WR-28) SSL Structure. The program

results are depicted in Figure 5. Since the calculations are

based on the ratios of a/b and w/a, it can be concluded that

the results can be scaled to a separate structure with the

same dimensional ratios. Further, it can be concluded that the

capacitance of the gaps can be expected to decrease as the

size of the gap is increased.

To accurately evaluate the gap capacitance of the

structure gap sizes were varied as a function of the width of

the waveguide. The measured widths of the stripline range from

1/2 to 1/5 the width of the waveguide and the gap range from

1/5 to 1/2 the width of the stripline. Table 1 outlines the

stripline widths and gap sizes tested.

9



TABLE 1. STRIPLINE DIMENSIONS AND RATIOS

W VIDTH GAP W0 Btu

(in.) (in.)

1 .450 .225 .5 .5

2 .450 .150 .5 .333

3 .450 .112 .5 .2

4 .300 .10 .333 .5

5 .300 .100 .333 .333

6 .300 .075 .333 .2

7 .225 .112 .2 .5

8 .225 .075 .2 .333

9 .225 .057 .2 .2

It is expected that the ratio of stripline width to

waveguide width and the gap size to waveguide width are the

most useful parameters for determining the discontinuities

of the transmission structure. Therefore the ratios have

been varied for three separate conditions, as summarized in

Table 1. This will provide sufficient data to allow for

optimum evaluation of the theoretical values.

B. REALIZATION OF SUBSTRATE IN X-BAND WAVEGUIDE

An important consideration in realization of the

structure was the effects of the sidewall grooves on the

wave propagation within the structure. [Ref. 5]

10
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where Q is the charge per electrode and C is the capacitance

and W the energy required to set up charge Q.

The characteristic impedance and the wavelength

reduction are factors of greatest concern. It was shown in

[Ref. 5) that sidewall grooves only affected those

parameters at relatively deep groove depths. Figure 7 and

Figure 8 show the results obtained by (Ref. 5] using Duroid

(Cr = 2.22) . Therefore it is assumed that until the grooves

approach a depth approximately 1/2 the thickness of the

sidewall conductors there is negligible effect on the

overall capacitance and wavelength reduction within the

structure.

• I~l ~ l •.I a., .

to)b

Figure 6. Side-watt groove effects an the
characteristic i.pewe . s/bv.O,hllw.hZ/b.2.

I/ .4, t ,t-2.2.

12



The results were based on ratios of the Shielded SSL

structure width to the width of the stripline.

-/b-0.4 0.$5

0.3 0.4

0..,

I I
0 *0.1 0.3 0.2 0.4 0.5

d/b

Figure 7. Side-wait groove effects on the
wavelength reduction factor 1/1 o . ab=1.0, h/b=0.4o,

h2b-0.2. h3b-0.. t-0, c-2.22

C. RESULTING SSL STRUCTURE

Figure 9 shows the resulting SSL structure. The housing

is a WR-90 X-band waveguide. The suspended substrate is

Rexolite (cr= 2.54) with a copper strip centered on the

substrate. The Rexolite was suspended in the waveguide using

grooves in the sidewalls shown in Figure 10. The waveguide

was cut in the vertical plane and grooved and soft-soldered

together again.

13
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THROUGH
Figure a. SSL in X-Band (wR-90) Waveguide.

Figure 9. Side- Wall Grooves of SSL structure.
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III. DISCONTINUITY-NETWORK CHARACTERIZATION

A common description or representation of a given two

port microwave device is the matrix representation. Two

examples are the scattering and transmission matrices which

characterize device discontinuities:

'b1' [S11 S.21 lazll
[b2J=Ls 2. S22i*a 2 (

Ib l IR11  121 a 2  (6)
LaJ=LR 21 R22J*b WI

where a, and b. are the ingoing and outgoing phasor wave

amplitudes at the ith port, respectively. The R-matrix is

given in terms of the S-matrix by:

[R]=_ 1-ds S111
s21 L-s22 ()

where

d,=S1 S 22 -S 1 2S21  (8)

15



The R-matrix sometimes referred to as the "transmission-

matrix" has properties similar to the ABCD matrix, in that a

cascade connection of two-ports has an R-matrix of the

product of the individual matrices of the cascaded elements,

in the order of their connection.

The matrix representation becomes particularly useful

when characterizing microwave structures and devices.

Characterization of microwave structures is accomplished by

use of the scattering matrix. A more detailed discussion of

the scattering matrix and its relative merits in microwave

structure characterization can be found in [Ref. 6].

A. DETERMINING THE SCATTERING COEFFICIENTS

The scattering parameters or S-parameters as previously

discussed are defined in terms of forward and reverse

traveling waves at the ports of a device. The S-parameters

can be measured using a Microwave Network Analyzer.

The analyzer chosen to accomplish the required

measurements was the HP 8410-Series Network Analyzer System.

Figure 10 is a diagram of the system.

HP-8410A Network Analyzer System and the 11863E Accuracy

Enhancement Pac is a program executable on the HP 9845T

desktop computer which is written to drive the 8410A Network

Analyzer. The program provides two calibration error models

for measuring multiport devices in the 2-18 GHz frequency

range and also computes group delays from the phase data.
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Figure 10. HP-8410a Network Analyzer System
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Error correction is achieved by the eight term error model

or the twelve term error model.

The Eight Term Error model provides directivity, source

match, and frequency response vector error correction for

reflection measurements and frequency-response-only vector

error correction for transmission measurements. The eight

term error model is generally used on single port devices,

however when fast normalized magnitude and phase frequency

response is adequate this model may be used on multi-port

devices.

The twelve term model provides full directivity,

isolation, source match, load match, and frequency response

vector error correction for transmission and reflection

measurements. This model is utilized when maximum accuracy

of reflection and transmission characteristics of multi-port

devices is essential.

B. TESTING THE SSL STRUCTURE

To measure the S-parameters of device under test it is

necessary to make a transition from the stripline to the

coaxial cable used by the HP Network Analyzer.

[Ref. 7) discusses several microwave transition

designs and discusses some of the questions associated with

a transition of one microwave subsystem to another.

18



1. The Transition

A microwave transition is the mechanism which allows

electromagnetic waves on one type of transmission line to be

coupled into another type, such as the suspended stripline

to coaxial transition required in this case. Several

considerations are important in transitions, of which are

the maximization of coupling and minimization of reflections

(matching impedance), efficient wave transition from one

medium to another and a gradual field match. A gradual field

match is achieved by smoothly transitioning from one mode of

propagation in a medium to another mode of propagation an

the other medium.

Coaxial cable under normal operating conditions, is

expected to support only TEM wave propagation. Since the

frequency range chosen for the test is 2.0 - 4.0 GHz, below

the cut-off frequency of the X-band wave guide, this becomes

a useful characteristic.

Connecting the coaxial cable to the measuring

assembly requires the use" of a transition. A broad range of

transition connectors are available to the engineer. However

each has characteristics which are more suitable for a given

frequency range. Table 2 lists some of the more common

connectors and their operating frequency ranges.

The connector type chosen for the transition was the

SMA. The connector meets the specifications of the design

19



and transitions are available to the APC-7 connector used by

the HP Network Analyzer.

The SMA connector was mounted to a faceplate and

soldered to the stripline. Figure 12 shows the

configuration. The objective is to achieve an impedance

match and minimize the possibility of fringing fields.

However, the transition was still not perfectly matched

because of the disparity of the dimensions of the connector

center lead and the stripline.

TABLE 2. AVAILABLE MICROWAVE TRANSITIONS

CONECTOR NIL-SPEC FREQUENCY m

TYPE RANGE DESIGNATION

N NIL-C-39012/1/5 0-12 GNz VHFUHFL.S,

C.x

C NIL-C-39012/6-15 0-12 GNz VHFUHF.LoS,

C'X

BIC NIL-C-39012/16/24-1 0-4.0 GHz VNF,UIF,L,S

TIC NIL-C-39012/26/34 0-12 GNz VHFUHF*LS,

C.x

SC NIL-C-3901235/43 0-12 GHZ VF.UHF.L,S,

Cox

SNA NIL-C-39012/55/62 0-12.4 GNz VHFUF,L,S,

CIX

20



FACEPLATE

8~TRIPLINE "

VMA CONNECTOR

SSL TOP VIEW OF SMA TYPE CONNECTOR TO STRIPLINE

Figure 11. Transition Connectors

C. RESULTS

Appendix B lists the measured S-parameters of gap

discontinuities in the SSL structure tested. In cases where

gap sizes were to small to be accurately etched using the

available facilities the data was not recorded.
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IV. DE-EMBEDDING DATA WITH TRL

The HP Network Analyzer provided two-port S-parameters

which included the effects of line and transition

reflections and losses. As in most discontinuity examples of

interest, the device(the gap) is embedded within the

transmission medium. Measurements obtain by the HP Network

Analyzer include the effects of the embedding transmission

media. Since the transitions are not ideal and the

parameters are not well known, it becomes impossible to de-

embed using elementary methods. At mm-wavelengths, a de-

embedding procedure called the through-reflect-load (TRL)

allows the use of non-ideal elements in the procedure

[Ref. 8]. The non-ideal elements are, T, the through

line that connects the transitions on the two sides of the

device under test; R, the reflecting terminations that can

be anything as long as identical ones are used to terminate

both the input and output transitions; and L, a length of

transmission line connecting the two transitions.

A. METHOD EMPLOYED IN TRL

[Ref. 8] outlines a method of de-embedding mm-wave MICs

with TRL which is very useful in this case. Figure 16 shows

the four measurements required for TRL de-embedding.
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TRL TRL
TRANSITION A TRANSITION 8

Figure 12. Four required

measurements of TRL de-embedding

The coupling transitions A and B are not required to be of

equal length , however must meet at the reference position.

Further, there is not a requirement for the transitions have

the same connection to the analyzer ports. The reflect

measurements used may be any two identical reflections,

ideally they should utilize equal sections from each side of

the reference position (see Figure 12B). The line or length

portion of the measurement is obtained by the addition of a

length of line at the reference position of the A and B

transitions. Figure 13 is a block diagram of the TRL

procedure and the assumed S-parameters values for each step

provided by [Ref. 9].

Appendix A is an excerpt from [Ref. 7] which describes

the mathematics behind the TRL procedure. The author,
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F THROUGH [S] [1 0]

E REFLECT S,, S..I I=

004
LENGTH [s- SI 0

Figure 13. TRL Procedure and
Assumed S-parameters

[Ref.7), also provided a program written in True Basic which

incorporates the mathematical procedure outlined in Appendix

B which was essential in de-embedding the DUT.

Figures 14 through 17 show the different parts of the

device used to obtain the four required measurements for the

de-embedding process. Each of the four required measurements

were conducted for each width of stripline used for the

overall analysis of the microwave subsystem.

The resulting data obtained from each of the required

measurements shows that for the various widths of stripline

used on the substrate the S-parameters are approximately

consistent as a function of frequency. It also shows that

the "Reflect" loss increases as the wave guide mode is

approached.
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Figure 14. TRL Transitions A and B.
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Figure 15. Through measurement
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TRANSITION TRANSITION
A BK

REFLECT

7Pga1re 2.6. Reflect Measurements

REFEENC

Figure 17. Length Measurement
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V. DISCONTINUITY EVALUATION

A. S-parameters to Admittance matrix

In order to relate the measured scattering parameters of

the SSL device to an equivalent circuit, the first step is

to relate the S-parameters to the admittance parameters of

an assumed equivalent circuit. The generalized assumed

equivalent pi-circuit of gap discontinuities are pictured in

Figure 19.

Figure 18. Generalized
admittance pi-circuit [Ref. 4]

The admittance matrix of the circuit is:

ry] =y 1 (9)
q22. 22J

where Yij are the normalized admittances and o= i/Zo is the

characteristic a," ±ttance of the SSL transmission line.
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Calculations of Z. are depicted in Appendix A for the 
SSL

structure.

For any lossless, reciprocal, symmetric 2-port network, 
the

normalized admittances can be related to the S-parameters

using the following relationship:

sin811  (10)

(cos0 11 + IS11 1)

1

Y2 12j (lS 1 1 1
2 ) 2)()

Y2 1 -Y 1 2 - [cose1 + IS. FT

The scattering parameters measured from the device 
can

be related to the admittance matrix of the equivalent 
pi

circuit . The assumed pi-circuit is depicted in Figure 19.

The elements of the admittance matrix given in equation 9

in terms of the two-port discontinuity is:

y11._jyo[ (sin61
-1S 2 ) I)  (12)

(cO 11+1S111)

1s 11  1 (13)
Y 2 1'jY" (cose s 1  

())
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I -

Y,0Y . * Y,' Y,PjwC

Figure 19. Network Parameters

B. Synthesis of equivalent circuit

As shown in the previous discussion the measured data

can be related to the admittance parameters of the assumed

equivalent circuit using equations 12 and 13. Once the

admittance parameters have been concluded the equivalent

circuit is then derived using the methodology established in

[Ref. 4). The admittance parameters derived from the

measured data provided the necessary data for calculation of

the discontinuity capacitances, Cgap and Cpr using the

following relationships:

-Y12 C-) Cgap (14)

and

The following capacitances were calculated from the

measured data using the methodology previously discussed:
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VI. CONCLUSIONS

The objective of this thesis was to evaluate the gap

discontinuities of the Shielded Suspended Stripline

transmission medium. The methodology followed closely to

that developed by Choi (Ref. 4] in his analysis. There were

two significant differences between the methods employed in

[Ref. 4) and in this thesis to evaluate the gap

discontinuities. The most significant difference was the

technique employed in measurement. However, the results

obtained by both techniques yielded capacitances which

proved to be strongly frequency dependent. The magnitudes

of the gap capacitances obtained in this thesis are

approximately equal to the magnitudes obtained in (Ref. 4].

At some frequencies between 2.0 GHz and 4.0 GHz erratic

capacitances are noted, this can possibly be due to

resonance of the waves within the shield.

The second significant difference was the frequency at

which the test were conducted. The lower frequencies

utilized by this thesis appear to substantiate the

hypothesis that the SSL structure yields lower losses at

higher frequencies. Thus it is believed that the data

obtained should be further verified at higher bands using

the techniques employed in this thesis.
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The fringing or parallel capacitances as expected acted

inversely to the gap dimensions.

Recommendation: The results obtained in this thesis need

to be further confirmed at higher frequencies using similar

techniques. The erratic data obtained at certain frequencies

should be further investigated to determine the cause.
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APPENDIX A. Quasi-Static Analysis of BSL

The characteristic impedance of the structure can be

expressed as

t-zo
-, (6)

where:

C e is the effective dielectric constant of the SSL.

The quasi-static value of the effective dielectric

constant is given

Fe.- [1+ (E-Fln-b) in-L] (17)
b Fe

where:

* Cr is the dielectric constant of the substrate.

* for 0 < w < a/2,

E-0. 2 07 7 +1. 2 17 7 GA)-0.08364() (18)
b b

F-0.03451-0.1031 (1) +0.01742( ) (19)
b b

* for a/2 < w < a then,

38



E-0.4640+0.9647 (M -0.2063() (20)
b 1

F--0.1424+0.3017( )-0.02411(2) (21)
b b

The characteristic impedance Z. is given as:

for a < w < a/2

[V-Rln(-6 + 1+ )] (22)w 2

(-)

where

Ino-1207c (23)

V--1.7866-0.2035 (-A) +0.4750 (a) (24)
b b

R-1.0835+0.1007 (-)-0.09457 (a) (25)
b b

for a/2 < w < a

FZo-11o[V+R[-+i. 3930+0.66701n(-E +. 444) (26)

where
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V--0.6301-0.0708:2 (-:P) +0.2470 ()(27)
b b

R-1 .9492+0.1553 (.P)-0.5123 (A) (28)
b b

The design equations are valid for:

1 < a/b < 2.5

1 < C

0.1< h/b < 0.5
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APPENDIX B. Measured S-Parameters

The following is the data collected of the SSL structure

using the HP Network Analyzer. The data is assumed accurate

since the twelve term error model discussed previously was

used.
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Table 9. MEASURED S-PARAMETERS OF SHIELDED SSL
W= .450" AND G= .225"

SSL450.225

FREQUENCY RETURN LOSS-IN LOSS-FORwARD LOSS-REVERSE RETURN LOSS-OUT
S11 S21 DELAY S12 S22

Mm: DE ANG DR AN& u-SEC Da ANG Di RNG

2000.0000 .30 -158.9 27.30 -74.8 .0010 29.14 -74.1 .71 175.4
2100.0000 .21 168.4 27.01 -111.6 .0010 28.90 -110.8 .62 140.4
2200.0000 .19 134.4 26.10 -146.8 .6019 28.65 -147.1 .45 167.6
2300.0000 .17 97.1 24.64 -14C.0 .80C5 24.04 137.1 .31 76.6
2400.0000 .14 65.0 22.33 126.7 .0099 20.45 123.7 .25 39.5
2500.080 2.32 44.8 21.77 130.5 .6011 26.03 146.7 .29 5.5
2600.0000 .24 -1.2 23.31 91.6 .6030 26.64 66.6 .34 -26.7
2700.0000 .38 -29.7 26.69 -16.5 .003 28.45 -6.4 .51 -47.9
2800.0000 .44 -60.3 21.85 -26.3 .6870 22.96 -26.5 .62 -78.0
2900.0000 .42 -84.3 24.94 81.8 .0019 25.66 93.9 .64 -161.7
3800.0000 .35 -111.6 31.00 17.6 .e15 33.36 27.6 .65 -125.1
310e.6000 .45 -135.8 18.11 -37.8 .6639 18.67 -36.2 .73 -153.5
3200.0000 .35 -155.9 36.06 -178.5 .6e94 -11.64 -45.6 .70 -173.3

- 40 -;79 4 2'.Z
Q 

-15A.6 A974 -11.37 -178.9 -.85 16!.9
3400.600 -1.75 164.4 17.79 -65.1 .9034 -11.98 54.6 -1.28 145.3
350.6000 .61 137.1 29.92 171.3 .6029 -16.27 -79.9 .76 113.6
3600.08 -. 34 112.9 26.77 65.3 .005" -9.17 156.6 -.69 68.3
3700.000 -. 82 100.2 25.02 -138.5 .6039 -9.27 28.3 -. 28 74.1
3800.6000 .84 78.9 35.76 112.4 .0091 -4.93 -90.0 .67 48.3
3900.000 .66 71.2 28.30 145.9 .6005 -4.64 154.4 .67 32.4
4000.000 2.12 36.4 29.13 129.6 .098 3.52 46.5 -. 19 7.2
4100.6008 .15 25.7 26.14 101.2 .003 11.60 -162.4 .53 -19.6
4200.0080 .36 2.9 29.72 99.1 .0011 9.32 -73.7 .79 -31.6
4380.6e08 -. 07 -17.9 23.29 58.2 .006 .97 173.1 -. 34 -56.6
4400.0000 .63 -43.0 26.32 29.6 .6016 -3.13 39.1 .72 -85.6
4500.0000 .47 -62.2 22.96 -27.8 .095 -4.63 -09.3 1.64 -163.6
4600.0000 -.55 -92.2 19.95 -9.1 .813 -6.77 136.7 -. 36 -132.9
4?09.8000 1.67 -134.4 21.48 -55.5 .e015 -6.76 -24.2 1.38 177.0
4800.6000 -.10 -154.2 12.74 -108.8 .0015 -7.90 -176.5 .69 153.0
4900.00 1.63 114.3 15.57 -163.5 0886 -5.30 -7.4 a.31 71.5
50080.000 3.07 -53.1 14.44 -111.8 .0037 -2.17 -85.8 .77 2.2
5100.eeee 3.93 66.8 13.84 115.1 .019 1.22 45.7 -. 46 -33.4
5200.8800 1.20 6.2 18.27 46.1 .0092' 12.41 39.2 2.64 -44.7
5300.e0e 1.65 -32.7 20.66 74.2 .0062 .46 -169.5 1.73 -69.8
5400.0000 .72 -65.3 34.88 -148.5 .066 -3.09 117.9 .65 -119.4
5500.800 1.87 -10.6 15.90 -26.2 .00 -5.28 -19.7 1.55 -154.2
5600.0000 1.38 -115.8 26.62 11.1 .6051 -6.35 -138.6 1.61 -166.5
5700.e000 1.07 -147.7 19.21 -171.6 .079 -6.57 91.8 .67 168.1
5see.0000 1.69 -166.6 21.88 -94.4 .0890 -5.60 -24.4 .77 150.1
5908.000 1.3E 176.2 21.50 -21.6 .0045 -5.61 -145.8 1.67 136.4
6ee.6000 .32 157.7 26.83 177.3 -5.12 63.6 .22 113.6

Measured S-parameters of SSL w=.450 g=.225
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Table 10. MEASURED S-PAPAMETERS OF SHIELDED SSL
W= .450" AND G= .150"

S$L456. 150

FREOUENCY RETURN LOSS-IN LOSS-FORWARD LOSS-REVERSE RETURN LOSS-OUT
S11 S21 DELRY S12 622

MHz 3 ANG DR ANG u-SEC Da ANG DI ANG

2680.6000 .3e -164.? 20.74 -93.9 .9016 22.09 -33.6 .30 168.1
2166.608 .25 159.9 28.37 -121.0 .0821 21.56 -128.6 .31 133.1
2200.0600 .25 123.8 19.74.-156.4 .0024 21.17 -156.3 .32 190.4
2360.000 .14 84.3 19.28 153.1 .ees 19.76 147.6 .29 65.0
2480.6600 .17 47.4 16.62 124.6 .06e5 18.58 122.2 .23 33.?
2508.9009 1.64 31.9 11.57 165.4 .006 13.95 18.1 .77 -4.1
2606,0000 .22 -13.4 19.46 62.9 .8021 21.15 82.1 .23 -22.4
2706.600 .35 -41.6 22.64 6.1 .8666 23.60 6.4 .43 -58.1
2808.008 .43 -76.6 19.11 -15.6 .08e 19.90 -14.6 .46 -79.1
29e.see .36 -94.2 23.17 55.2 .8618 24.57 62.4 .39 -104.2
3006.000 .34 -119.1 25.61 -16.1 .8669 27.42 -7.8 .30 -136.3
319.6000 .41 -142.5 16.31 -42.1 .9626 16.96 -37.2 .30 -155.9
3200.808 .24 -163.4 36.54 -113.4 .0667 30.94 -126.3 .16 -178.5
Z01.u. .1i 174.3 24*. -13e. .V63 ;4.0b -14w.8 .8 157.8
.0O.8606 .11 154.0 17.60 -78.0 .8026 17.09 -67.5 .03 134.1

3500.6000 -.03 131.6 24.96 -172.? .0023 25.65 -176.8 -.13 169.8
360.8060 .33 111.6 26.75 105.4 .8073 24.70 94.6 .32 05.2
3760.680 .35 92.1 23.26 -158.9 .6618 23.28 -146.0 .32 64.9
360.0000 .36 72.0 27.56 137.4 .a88 27.85 112.4 .32 42.7
390.0000 .31 49.6 26.11 137.4 .8616 24.63 126.4 .25 21.3
4000.080 .34 30.3 21.02 101.1 .6610 24.54 124.2 .35 -2.9
4160.0000 .19 16.3 16.55 66.6 .098 23.63 32.4 3.73 -43.6
4206.6066 .26 -6.6 21.61 74.1 .8010 22.15 68.5 .33 -41.2
430.6800 .42 -36.0 17.65 38.6 .0066 19.32 41.4 .52 -68.5
4460.000 .46 -56.1 17.06 15.6 .0013 16.87 14.3 .51 -94.6
4566.6066 .79 -67.4 14.51 -36.1 .e084 15.67 -29.6 .98 -125.4
4660.660 1.27 -125.2 12.24 -46.1 .6014 13.0F -44.0 1.57 -158.7
4766.6666 2.19 -173.8 12.16 -96.0 .9615 13.58 -96.3 1.63 162.0
4066.6608 2.96 128.7 6.97 -149.3 .6014 9.96 -147.3 1.67 106.3
4900.000 2.29 52.5 16.88 166.3 .8699 17.15 162.5 1.50 42.6
5600.6000 16.33 -163.6 3.76 162.4 .6936 5.56 159.3 5.73 -26.7
516.0000 2.53 26.9 23.62 26.0 .ee96 14.55 34.8 16.74 33.5
5290.6e60 1.53 -25.5 14.69 41.? .0697 15.27 45.9 1.31 -56.5
5300.6000 1.05 -56.6 18.58 51.7 .036 21.65 41.6 .51 -95.0
5400.006 .09 -03.3 36.12 -54.9 .8092 26.33 -59.8 .44 -122.1
5506.6e6 .95 -169.9 14.62 -26.3 .894 15.35 -15.7 .38 -140.9
5606.8800 .97 -131.4 19.20 -4.9 .0843 21.41 9.2 .25 -169.1
5766.6666 1.03 -151.3 18.47 -158.3 .062 17.46 -146.6 .21 172.9
5860.6000 1.37 -17e.9 19.67 -94.2 .0864 20.17 -04.0 .31 153.4
5900.6000 1.36 172.6 2e.99 -35.9 .0837 21.64 -13.7 .22 137.5
6686.0660 1.44 155.4 24.61 -168.2 23.39 -165.2 .26 119.6

Measured S-parameters of SSL w=.450 g=.150
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Table 11. MEASURED S-PARAMETERS OF SHIELDED SSL
W= .450" AND G= .1125"

SSL450.1125

FREQUENCY RETURN LOSS-IN LOSS-FOURPD LOSS-PE'ERSE RETURN LOSS-OU"
$11 S21 DELAY $12 S22

MHz D3 ANG DI ANG u-SEC DI ANG B3 ING

2000.60 .42 170.9 11.57 -94.? .6.16 11.09 -15.9 .55 -169.9
210.990 .56 135.1 11.11 -131.8 .6.10 11.07 -99.S 1.63 -177.1
229.0060 .49 99.5 10.60 -168.1 .916 16.90 169.3 .79 98.5
230e.e9O8 .53 63.4 16.93 155.5 .0010 10.94 173.7 .65 114.1
240.060 .49 29.6 16.95 126.4 .0669 11.22 173.7 .75 119.9
2506.68 .47 -4.5 11.67 99.6 .089 11.79 79.0 .41 29.4
2606.9060 .45 -35.6 12.41 56.8 .6008 12.51 83.4 .34 -4.6
2788.00e .46 -63.8 13.49 31.3 .06o8 13.73 92.2 .53 -44.8
2890.9600 .38 -91.9 14.47 3.7 .9667 14.83 -1.e .66 -36.1
299.980 .39 -117.8 14.76 -21.9 .6666 15.12 -1.4 .28 -35.0
3609.800 .32 -143.1 15.59 -42.0 .6006 15.09 4.9 .64 -66.4
3106.6600 .29 -167.2 16.16 -64.2 .eee6 15.59 -99.6 .77 -116.4
3200.000 .26 169.7 16.97 -67.5 .606 17.14 -35.9 .64 -147.1
.M0..ZZ& .;9 147.1 17.78 -106.9 .oZ7 17.73 - .5 z77.2
340.6600 .12 125.2 37.77 -133.8 .eee7 17.80 -31.6 .54 175.3
3566.0eee .96 101.6 17.69 -157.3 .606 17.01 -171.0 .33 -171.2
3600.000 .56 79.4 17.64 -176.3 .6665 17.49 -169.3 .90 -169.7
3766.6060 .49 61.0 16.91 163.5 .095 16.83 -169.0 .75 167.6
3900.900 .46 41.1 16.41 146.2 .966 16.13 -169.2 .49 114.2
3908.900 .36 29.4 15.26 124.0 .096 15.32 106.7 .56 26.6
400.990 .46 -. 2 14.12 102.2 .0006 14.16 107.2 .60 40.1
4160.0909 * .47 -22.6 12.26 01.9 .096 12.36 164.4 .76 42.2
4209.060 .55 -44.5 19.37 66.2 .6608 19.76 105.5 .36 52.6
4360.990 .75 -63.7 9.19 32.7 .009 9.14 112.1 1.62 -36.5
4400.696 1.10 -93.7 7.01 .8 .916 7.18 16.9 1.56 -26.8
450.9900 2.64 -!21.2 4.91 -36.6 .6640 5.24 23.3 2.65 -106.4
460.000 3.37 -152.5 12.61 177.6 .6641 3.34 26.1 4.53 -105.6
4709.0000 4.90 168.7 13.77 29.e .949 3.73 -64.2 5.30 179.1
480.6000 5.64 121.7 15.07 -148.0 .9625 1.54 -147.5 6.66 90.9
4908.9000 5.77 61.6 15.45 122.6 .949 2.82 -145.4 6.38 96.5
5eee.ee0 4.65 .3 13.53 -55.3 .949 3.27 124.6 4.21 112.5
5100.6000 2.30 -46.7 11.35 129.1 .0027 5.26 136.6 2.45 25.7
5200.60e0 1.33 -83.6 11.14 32.1 .0e24 7.66 34.3 1.65 19.2
5300.900 .77 -113.9 16.76 -53.8 .064e 19.47 35.7 .90 -54.2
540.006.0 .60 -138.4 10.67 131.9 .0025 12.64 40.5 .68 -49.1
5500.600 .55 -166.4 10.16 41.9 .0026 14.37 -44.7 1.16 -43.1
5666.066 .59 -179.9 16.15 -53.1 .6047 15.57 -43.5 .77 -122.1
5790.906 .59 162.3 10.96 137.7 .0026 16.47 -50.1 .63 -115.1
5860.9060 .57 145.4 10.24 45.1 .9025 18.96 -47.1 .34 -114.6
590.9690 .66 129.3 16.14 -44.2 .0023 21.19 -145.9 1.06 164.4
698.990 .61 113.2 16.62 -127.1 19.12 -123.1 1.00 175.9

Measured S-parameters of SSL w=.450 g-.1125
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Table 12. MEASURED S-PARAMETERS OF SHIELDED SSL
W= .300" AND G- .150"

SSL300.150

FREQUENCY RETURN LOSS-IN LOSS-FORWRD LOSS-REVERSE RETURN LOSS-OUT
S11 S21 DELAY S12 $22

4Nz D P ING D3 ANG u-SEC Ds ANG t3 ANG

2000.0000 .23 -174.6 3.36 -165.0 .6610 3.42 -165.3 .20 -175.6
21000000 .18 154.8 4.01 1t9.8 .009 4.85 159.4 .23 156.5
2200.0000 .15 125.3 4.90 129.3 .007 4.87 128.8 .20 129.3
2308000 .17 96.3 3.95 102.4 .906 4.00 182.3 .22 102.1
240.0000 .1' 69.1 4.24 82.2 .0607 4.24 01.8 .17 76.3
2soe.ooee .: 40.9 5.49 .55.9 .6M7 5.54 55.4 .19 49.6
260.0099 .2- 14.3 5.09 29.1 .6007 5.89 29.1 .21 23.7
2709.e68e .23 -11.3 6.25 4.2 .9097 6.20 3.1 .23 -1.1.
200.000 .25 -36.1 6.84 -22.1 .9006 6.84 -23.6 .39 -25.?
2900.900e .32 -60.4 6.66 -44.9 .0906 6.71 -46.5 .36 -49.8
3e0e.8000 .27 -85.1 7.25 -66.1 .0605 7.25 -67.1 .33 -74.3

.24 -IC8.. 7.1; -6-.5 .sdi 7.85 -66.2 .41 -98.6
3260.8090 .34 -132.1 8.25 -108.6 .08 9.25 -108.6 .41 -122.2
3380.0000 .33 -154.9 8.45 -139.1 .6006 6.41 -138.5 .49 -145.7
3400.0009 .31 -176.6 6.15 -159.6 .Sell 8.22 -159.8 .36 -168.5
350e.9000 .26 161.1 8.41 171.9 .680? 8.45 171.6 .31 167.9
3600.6000 .46 139.0. 7.15 146.3 .005 7.15 147.6 .49 144.2
370.s000 .49 118.7 6.55 129.0 .0ee6 6.49 128.5 .48 121.6
389.060 .48 97.7 6.97 109.1 .9007 6.98 19.6 .40 98.7
3900.8000 .36 76.4 6.19 84.0 .8007 6.13 93.2 .48 75.3
4000.0800 .43 54.4 5.65 59.1 .9867 5.55 58.3 .42 51.1
4100.0000 .30 31.8 5.20 35.1 .ee? 5.15 34.2 .38 26.3
4280.000 .47 7.0 4.40 9.3 .6967 4.35 7.6 .45 -. 4
4300.0900 .57 -19.9 3.51 -16.6 .007 3.45 -10.4 .54 -29.9
4400.00 .72 -49.6 2.55 -43.4 .8009 2.60 -44.7 .59 -59.5
4500.8000 1.06 -82.9 2.65 -75.3 .0009 2.72 -77.8 .77 -90.9
4600.800 1.32 -118.8 1.70 -16.5 .0944 2.78 -169.8 .39 -123.5
4700.0000 1.60 -159.1 -1.81 93.5 .083 -1.85 93.1 .95 -157.7
4800.0000 1.83 161.9 -1.65 153.2 .8082 -1.75 153.1 1.01 168.5
4900.000 1.76 119.1 -2.20 -141.6 .6084 -2.30 -143.8 .81 132.6
50ee.8000 2.29 88.3 -1.43 -83.9 .8se1 -1.58 -86.1 .99 185.1
5100.0000 2.52 57.9 -1.70 -15.1 .0082 -1.96 -19.6 1.01 76.1
5280.000 Z..59 30.4 -1.35 50.3 .080 -1.45 44.7 1.13 46.9
5300.6000 2.29 7.8 .75 122.4 .882 .75 116.7 .86 23.0
5408.8000 1.77 -16.4 -. 19 -171.3 .082 .01 -177.1 .65 -3.2
5500.0000 1.29 -48.8 1.00 -168.0 .f0s 1.30 -112.1 .55 -28.1
5680.8008 .98 -64.7 2.09 -34.4 .0003 2.31 -35.5 .49 -52.2
5700.0900 .0 -89.8 1.95 28.4 .6079 2.21 27.5 .40 -76.7
5800.0000 .63 -112.6 4.40 184.2 .f881 4.69 184.4 .42 -188.9
5900.8800 .Z6 -135.6 4.47 171.9 .0881 4.61 172.2 .44 -125.5
690.80e .61 -157.9 3.95 -119.3 4.89 -119.1 .58 -149.5

Measured S-parameters of SSL w=.300 g=.150

51



'In

CC

ID x

.a.
-j)b

0 SD

ao ea t i

52~



I

S
0
0

S
S
0
S

0

N U
S z
V., U

0* I.
S

a.,
II

40

.~ >, :
: ~ 0
4,I -. ~ in

~

* U)5~4 ~74

sso, so-els > 0
('4 ("1

w
-

rJ

C,

C,

a'

*
S
* v.4

ra4
0
0
a

4 -

S 1* I
I I..

U 3 0b
Vi S
Vi * S

I.
-4
N
40

6

48
-4

* C0~US z

8 3 3 3 3.!
4D I~4

- I S -

980, S0-I~S

53



Table 13. MEASURED S-PARAMETERS OF SHIELDED SSLW= .300" AND G= .075"

S$L399..075

FREOUENCY RETURN LOSS-IN LOSS-FORWARD LOSS-REVERSE RETURN LOSS-OUT

s11 S21 DELAY S12 S22
MHz DD ANG DD ONG u-SEC D3 ANG y3 a NG

206.e09 .70 172.8 -2.60 -178.6 .6o16 -4.46 176.6 .46 166.4
210.6000 .65 143.8 -1.95 146.8 .909 -3.50 -137.1 .42 137.6
2200.600 .60 126.3 -1.75 115.4 .0807 -3.96 96.3 .39 168.5
2360.900 .54 89.1 -1.70" 8.9 .6006 -3.70 -27.1 11.37 62.4
2466.60e .46 F3.5 -1.40 66.3 .6ee? -3.26 -141.1 .3e 52.5
2500.6000 .40 36.6 -.21 42.3 .6006 -2.56 95.8 .40 25.6
2600.0000 .38 10.8 .14 15.3 .0007 -2.14 -27.4 .41 -. 8

2700.00 .41 -14.4 .55 -9.6 .0608 -1.60 -145.0 .45 -25.1
2800.0000 .49 -39.4 1.19 -36.6 .087 -1.36 94.5 .49 -49.1
299.6900 .78 -64.5 .61 -60.7 .6896 -1.56 -26.5 .S4 -72.5
3006.6000 .99 -90.3 1.43 -60.9 .9006 -1.25 -146.2 .52 -96.3
3160.6eo 1.25 -115.0 1.29 -160.9 .006 -1.64 164.2 .59 -119.0
3206.6660 1.51 -139.3 2.65 -122.7 .6608 -. 46 -12.6 .59 -141.6
J:30.0¢2z :.7: -:59.4 S.2o -I :.s .eeei .eS -13:.7 .62 -1(7.4
340.6606 1.69 175.5 2.63 -172.6 .098 6.06 115.9 .61 175.2
3500.000 1.05 152.6 2.05 166.4 .0096 .95 -6.5 .59 152.4
3660.00 1.93 129.8 1.35 137.0 .08096 .36 -121.4 .86 129.9
370.0000 1.64 168.1 .40 116.6 .606 .10 124.5 .69 109.2
380e.060 1.39 04.2 .35 96.6 .66o6 1.10 7.6 .93 67.6
3966.6006 1.16 59.5 -.61 66.7 .806 1.49 -187.0 .90 64.2
4800.e80 1.16 33.6 -1.35 41.4 .0008 1.45 131.3 1.02 39.9
4160.000 1.27 6.3 -1.90 13.6 .e008 2.66 7.9 1.17 13.6
42 .000 1.54 -23.1 -2.0 -15.9 .068 2.40 -116.6 1.46 -15.4
43&j.9000 1.97 -53.2 -3.57 -44.3 .60e8 2.50 120.2 1.73 -46.6
4400.0000 2.65 -64.7 -4.25 -72.5 .6009 3.25 -7.5 2.33 -61.1
4509.6000 3.39 -118.6 -3.50 -10Z.7 .0810 5.05 -140.6 2.95 -119.9
460.0eee 3.99 -152.7 -3.90 -14e.5 .044 5.45 83.2 3.39 -166.9
4798.e8 4.69 172.3 -6.96 62.7 .6663 2.66 -179.1 3.24 157.3
4890.000 3.80 141.4 -6.40 124.0 .0082 2.45 144.3 2.96 126.8
4966.9090 3.10 167.0 -6.64 -172.6 .084 2.65 117.9 2.21 63.6
5060.6000 2.95 83.4 -5.63 -114.1 .0082 1.52 0.5 2.29 57.6
5160.00 2.47 57.2 -5.e5 -49.1 .ee2 1.34 54.9 2.09 29.7
520.6680 2.0 29.C -5.46 16.0 .0eo6 .65 32.6 1.74 3.?
53ee.eee0 1.62 4.6 -3.65 6.1 .0001 .50 7.2 1.31 -29.6
5490.960• 1.30 -19.9 -3.69 155.2 .0681 .22 -15.3 1.16 -42.7
550.0660 1.17 -43.6 -2.15 -137.2 .6678 .35 -37.2 .98 -65.2
568.0906 1.06 -67.2 -.09 -56.7 .e93 -.16 -59.4 .91 -36.6
5790.6666 .99 -91.2 .0e -66.1 .094 -. 11 -85.2 .04 -106.6
560.6066 .94 -115.9 -.16 -01.6 .0009 -.15 -96.3 .32 -136.7
5960.e666 .91 -140.3 -. 13 -115.3 .S06 -. 26 -126.2 .77 -151.6
6000.8800 .96 -163.8 .27 -136.5 .20 -145.6 .05 -172.3

Measured S-parameters of SSL w=.300 g=.075
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Table 14. MEASURED S-PARAMETERS OF SHIELDED SSL
W= .225" AND G= .1125"

FREQUENCY RETURN LOSS-11 LOSS-FORWRAD LOSS-REVERSE RETURN LOSS-OUT
S1l S21 DELRY S12 S22

MHz D ANG D ANG u-SEC B3 ANG B2 ANG

2080.000 .57 157.3 19.55 -96.7 .9004 13.98 -103.2 .29 150.9
2160.0000 .50 130.0 19.21 -112.4 .0903 12.96 -121.9 .21 132.6
2200.800 .38 105.0 18.17 -124.3 .084 11.58 -135.8 .10 106.4
2388.000 .29 8.8 15.91.-139.6 .0003 6.95 -154.4 .14 SO.?
2400.000 .20 58.2 12.10 -151.6 .0007 4.24 -177.6 .17 56.7
2580.00 .22 33.8 4.44 -176.1 .041 -2.06 le.@ .47 33.7
2600.0000 .25 16.1 2.59 37.0 .0908 4.44 31.8 .22 11.8
270e.0000 .15 -6.9 11.77 9.2 .0004 9.55 7.5 .10 -16.4
2800.000 .21 -28.4 15.96 -5.7 .003 12.55 -9.8 .20 -32.2
2908.000 .36 -49.8 18.10 -17.2 .0604 14.14 -22.9 .26 -53.0
3e00.000 .48 -72.3 19.66 -29.9 .8003 15.29 -36.3 .28 -76.2
3100.000 .72 -93.9 20.35 -40.6 .0804 15.03 -47.0 .36 -98.0
3200.000 .e7 -116.9 20.69 -53.4 .0804 15.95 -62.2 .36 -121.1
3300.e00 1.00 -148.1 19.39 -69.2 .0001 14.96 -01.3 .47 -&A".?
3400.000 1.02 -163.6 19.39 -74.1 .004 -. 20 -07.9 .35 -167.2
358.0000 .99 171.1 10.50 -88.9 .e04 .74 0.2 .31 167.9
360.s00 1.06 144.2 16.01 -104.0 .004 .0 -110.3 .49 141.6
3700.000 .94 117.4 13.04 -118.9 .0004 -. 20 131.4 .59 116.0
38ee.eeee .70 88.2 9.78 -133.6 .0907 .90 9.1 .73 8.2
3900.e000 .66 56.1 4.03 -150.6 .0021 1.73 -111.1 1.15 60.0
4000.0000 3.71 26.2 -6.05 124.9 .0026 1.90 120.0 1.47 37.4
4100.0000 .71 10.8 1.21 31.0 .0008 2.25 2.3 .82 0.2
4200.0000 .40 -23.3 6.16 2.8 .0006 1.55 -125.7 .55 -24.9
430e.0000 .48 -!5.6 0.70 -17.4 .0804 1.26 105.9 .54 -60.0
4400.000 .51 -06.4 10.e5 -32.8 .09e6 1.45 -22.6 .55 -96.9
4500.000 .72 -116.7 11.16 -53.7 .005 2.00 -154.6 .69 -133.7
4600.8000 .76 -147.1 10.65 -72.6 .0039 2.80 73.1 .75 -170.2
4700.000 .0 -178.3 6.34 148.6 .99e3 -.36 179.2 .06 155.6
400.08880 .89 149.7 .45 -149.0 .D18 .20 146.6 .75 122.5
4900.0000 .57 113.5 .24 147.9 .0011 .06 121.9 .26 07.3
5000.000 1.31 05.6 .62 107.5 .ew7 .20 85.0 .96 62.5
5180.0008 2.37 57.6 1.65 83.1 .004 .85 64.0 1.60 38.9
5200.0000 1.47 37.5 .20 67.. .0010 -.15 47.0 1.04 10.6
5308.0080 .62 5.5 -.09 32.3 .0008 -.17 21.6 .54 -5.7
5400.0000 .43 -25.3 -. 40 3.0 .s008 -. 43 -1.4 .40 -29.4
5500.0000 .39 -54.1 -.39 -26.0 .s008 -.25 -23.9 .50 -52.1
5600.0ee0 .39 -e1.4 -.70 -54.2 .s08 -.56 -46.7 .53 -73.9
57e.8000 .38 -1086.1 -.65 -04.4 .004 -.40 -71.8 .58 -96.4
50.000 .40 -133.6 -.55 -99.2 .009 -. 25 -04.6 .73 -110.5
5980.8000 .43 -157.6 -. 64 -131.6 .8606 -. 13 -114.7 .35 -139.9
608.0000 .45 -170.5 -. 20 -152.2 .30 -134.3 .94 -161.2

Measured S-parameters of SSL w=.225 g=.1125
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Table 15. MEASURED S-PARAMETERS OF SHIELDED SSL
W= .225" AND G= .075"

SSL22c.075

FREQUENCY RETURN LOSS-IN LOSS-FORWARD LOSS-REVERSE RETURN LOSS-OUT

$11 S21 DELAY $12 S22

MHz DE ANG DR ANG u-SEC DE ANG DI ANG

208.0eoe .30 168.C I.co 169.8 .909 1.34 163.0 .49 135.5
2100.eee .23 140.0 2.35 137.8 .688 2.75 131.7 .48 18.2

2200.0000 .19 113.2 2.9? 16.7 .0e07 3.34 14.4 .41 83.7-
23808800 .1 87.4 3.24 .84.4 .0605 3.75 01.4 .39 59.6

24e0.8898 .17 6t.6 3.70 6.4 .6806 4.05 63.6 .39 36.2

2500.e08 .19 3v 1 4.96 43.3 .0807 5.84 41.2 .44 13.1

2600.6880 .20 16.i 5.39 19.4 .806 5.39 18.6 .52 -9.6

2780.0088 .21 -5.2 5.61 -2.6 .e00? 5.68 -4.4 .6? -31.2

288.8088 .26 -26.2 6.10 -26.4 .60e6 6.04 -29.3 .65 -53.7

29080.808 .38 -47.1 5.73 -46.9 .605 5.65 -56.4 1.16 -75.7
3888.e080 .29 -68.5 5.95 -65.4 .ees5 6.61 -78.6 1.29 -99.1
3168.8688 .37 -89.5 5.36 -83.6 .006 5.65 -86.9 1.54 -122.2
3200.800 .38 -111.6 6.05 -103.7 .seeo 6.47 -116.7 1.71 -145.3
3300.40 9 .46 -124.6 5.C5 -1T.C .eO06 6.2C -141.2 1.71 -163.9

3480.000 .66 -155.7 5.28 -154.9 .6e0 5.55 -161.9 1.63 167.4

3500.088 .53 -177.7 4.62 177.7 .607 5.25 173.2 1.46 146.5

3608.880 .60 157.5 2.76 153.6 .0086 3.53 149.2 1.49 113.6

3788.888 .69 133.1 1.49 131.0 .987 2.26 127.3 1.21 86.6

308.6e80 .77 167.7 1.34 166.6 .6055 1.05 164.3 .96 57.6

398.6800 .80 e.9 1.34 -96.6 .0035 .48 76.1 .79 28.0
4e8.00 .94 53.2 1.35 144.3 .6035 -.29 46.7 .65 -3.4

4100.0888 1.02 24.0 2.45 10.2 .6835 -.69 16.1 1.69 -35.9
4208.98e8 1.16 -7.2 2.15 -107.6 .035 -1.58 -20.8 1.44 -68.2
4300.00ee 1.31 -39.6 2.81 127.1 .&35 -2.23 -53.2 2.07 -168.6
448e.eeoe 1.45 -73.2 2.40 .7 .0036 -2.64 -83.0 2.66 -132.9
4500.e8e 1.65 -188.3 3.70 -129.2 .836 -1.14 -116.5 3.63 -166.7

4680.8880 1.76 -143.9 3.65 18.4 .0871 -.75 -154.5 3.22 159.9
470e.0000 1.71 179.5 .46 -156.8 .0089 -3.35 48.1 2.84 127.0

4eee.e0ee 1.81 145.6 1.30 169.7 .e66 -2.16 111.9 2.45 93.7
4988.0888 1.76 113.4 1.48 148.6 .6010 -2.15 -177.1 1.58 57.2

580.0e8 1.30 91.2 .72 112.6 .eOO7 -1.61 -114.1 1.73 29.5

5100.0000 1.01 63.1 .25 69.1 .6007 -1.58 -43.4 1.42 -. 4;

5288.880 .81 35.2 -.45 64.7 .sees -1.54 24.5 1.16 -20.5:
5388.008 .64 16.1 .68 36.7 .086 .35 97.2 .92 -54.9i

5488.6880 • .58 -13.9 -.36 15.1 .6887 .62 167.0 .09 -79.0

5508.00o .49 -36.6 -.49 -6.4 .6066 1.26 -126.1 .70 -163.7

5680.600 .10 -58.9 -.61 -36.9 .e8? 2.26 -52.2 .74 -126.7
57e8.6e0 .40 -01.5 -.56 -55.3 .004 1.68 11.7 .78 -148.7
5688.0880 .53 -183.0 -.50 -76.5 .ee 3.16 39.7 .76 -170.3

5900.000 .59 -126.1 -.34 -160.7 .8006 2.98 159.5 .62 169.3

6880.6800 .70 -140.0 -.65 -120.6 2.64 -132.6 .69 156.6

Measured S-parameters of SSL w=.225 g=.075
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APPENDIX C: TRL De-Embedding

A. FIDZNG TzE LIVE VRAMZTERS

Soth the attenuation and effective dielectric properties of the
transmission line may be found from the measurements indicated in
figures la and ic. If there were no transition reflections, then
it would be simple to get these values from the two S21 measure-
7ments. However, reflections from the transitions introduce
errors which can be eliminated by the first part of a TRL pro-
gram.

The scattering parameters derived from each of the four steps can
easily be converted to transmission parameters:

Scattering Tarameters Transmission Vaxamters

b1 8 s1lal + s12a2  blir 1la2 + r12b2
b2 " s21al + s22a2  al-r21 a2 + r22b2

The relationship between the two parameters is

where d=s-lls 22 - 612S21

and the "R" matrix used here is sometimes called the "transmis-
sion" matrix.

The R matrix has a property similar to ABCD matrices; they may be
multiplied in sequence (cascaded).

bj ~ -a.

i . I-. I -. R3 a6o
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1. Measure sAB , the S parameters of the through
Sconnection.

Convert to Rja noting that [RIB]- [ ].[R

2. Measure [.the S parameters of the through
connection with the added length

Convert to [,ALB] where [1,,3] - [RA]-[L. [B]

There is enough information from these two measurements to obtain
the parameters of the transmission line used, i.e., the attenua-
tion and phase velocity at each frequency. The added length must
have the same characteristics as the line in which the DUT is to
be embedded.

3. Find thematrix [ - [R)

Note that all the elements of the T matrix are )mown since the
elements of RjLt and RAN were directly found from the B and
BAD measurements.

Using the cascade properties of the R matrix we have

T, - [R -. [RD] . [,,,-1- [RA].- [,. [R,].- [,,-.
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so that
To [T] -[L -[A (2)

The added line of le.igth L is non-ralecting (same impedance as
end of TRL transitions), so

[SL] - o V - a +

C -YL 0 a- attenuation const
p- propagation cons.

Therefore

:] , [:-YL 0 3
Using

T] [.R.&] V& have

T3 T4  3 " A4 RA3 3 4 0 L

Xultiplying matr.ices we find:

(3) TI.RA + T2RA3 - RA1-YL (5) TI.R&2 + T2R* 4 _ -2c-M

(4) T3.RI + T 4 .-t 3 - ItA3 C-L (6) T3-RX2 + T4 .RM - R- NL

RjIT 2  (-_

From 3,4 Iw have - 2 T4 (7)
RA3 T T3
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so that C- 2 "eL - C-YL(T 1 + T4 ) -(T 1 T4 - T 2 T3 ) - 0 (8)

RA2 T2  YL-~T4

From 5,6 we have - - (9)

RA4 - T 1  T3

so that 42YL - YL(T 1 + T 4 ) +(T1T4 - T2 T3 ) - 0 (10)

The solutions for e - YL and e Y L are the two solutions tz the
complex equation

G2 
- G(TI+T4 ) + (T 1 T 4 - T 2 T 3 ) -0

we find

G - .[1 t D1 / 2 ] with solutions oI-IGeJtg, IG21-Cjtg 2  (11)

T1 +.T4  C
where B W C - TIT4 -T2T3  D - 1 - -

2 B2

The solution for e-'YL - e-L.c-jL will be

Grll.( j tgl if tgl is negative

IG2 1 -Jtg
2 if tg2 is negative

The attenuation (dB) in the distance L is 20*logl0 (Gl,2 ) So

I 20*lOgl 0 (GI, 2 )

dB/inch -

L(in.) (12)

where G1 , 2 is the correct solution as found above
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27.L.f-jeeff
Also, since PL - tg -2r.L/wavelength

aeff - ( 30t g /[2.54.27r-L(in) •f (gHz] ,2 (13

We have found the transmission line parameters dB/inch and ee f
from measuring the S parameters of the two fixtures with differ-
ent lengths.

For low loss media such as suspended substrate, the added length
L should be large enough so that the transmission loss of the
larger line will be evidcit. The added line may need to be a
centimeter or longer. Since measurements of the phase of sil and
s22 are ambiguous by multiples of 2w radians if L is larger than
1/2 wavelength, one can resolve the ambiguity in t9 as follows:

a. Estimate eeff and find an approximate tg.

b. Use this value to calculate teeff, a + and eeff- for the
approximated values of tg, tg+t ad tg-2y respectively.

c. Choose which of the three values comes closest to the
estimated eeff.

Generally, for L one or two wavelengths long, the other two
values will be very far off.

2. FINDING THE TRANSITION PAAMETERS

We now turn to the rest of the de-embedding process.

Using identical loads, do the Reflect measurements, finding rKA
and rMB. It is not necessary to know the load value, only that
it is the same for the two reflect measurements. Taking identi-
cal lengths off the ends of the TRL transitions provides the
simplest of loads.

a1  b 2  a ~ ~ ,b 2
-' transition I:- trans ition(-[fiJ rL rL - ,
b 1  a 2  ba 2
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[b RAl RA ] a2 [AC A A2][ 2
a, RA3 RA4 b2 ] A A3  1

Al (a 2 /b 2 ) + A2  AlTL + A2

(ba/al)A - rMA - - (14)
A3 (a2/b2 ) + 1 A3 rL + 1

define XI m RA1/RA3 - AI/A3  and (15)

X2 .w R2/RA4 - A2 (16)

where these values were completely determined in (7) and (9).

we find from (14)

rMA - X2A1- ( 17 )
rL (l-rA/xl)

where all values are now known except rL

Similarly,

fb, RBl/RB4  RB/B . 2 B 3 ][ :2]

C1I RB3/RB4  1 If B B3  1 2

1 B1 + B2 (b2/a2)B  B 1 + B2.rMB
(bl/al)B  - - - . (18)

rL B3 + (b2/a2 )B  B3 + rMB

We now find the B values, hence rL, and finally, from (17), A1 .
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From measurements:

RAB R 4  - RAB4. [ AB2 known, and since
RAB3 RAB41 AB3 II

B3  1 RA4 (Aj-A 2 "A3 1 -A 3 3A

solving for RB4 , we have

B , B 23 
A 2 A~B , A B 2 ]

B3  1 (Aj-A3"AB
2 ) A A

AB 1 - X2.AB 3

B. - (19)
A 1 - ( - AB 2 /X1)

iI A- B2 /X
B2 - B2 - (20)AI(l- AB2/Xl)

AB 3 - ABI/XI

B3 . (21)
1- AB2/X J

Eliminating the unknown rL from (17) and (18) gives

A, (rA - X2).(l + [B 2 /B]-rMB)
- - , all known (22)

B1  (1 - rMA/xl).(B 3 + rMB)

Multiplying (22) by (19) yields two solutions for A1

70



1/2
(rA - X2).(1 + [B2 /B.].rMB)-(ABI - x2.AB3 )Alt -- (23)(rMB + B3 )-(- r,,/xi)*(l - AB2/Xl)

A, - a.iJTaxl for + J

a-, JTaxl+7 for - .

where a, is a positive real number.

To find which solution is to be used, find the approximate value
of A1 . If an ideal open circuit were used for the reflect
measurement, rL 1. Substituting in (17) we find the approxi-
mate value of AI .

A1  - X2 AIx - alxj.jTax, all known (24)
1 - rMA/Xl

Now that we've calculated the phase angle that A1 would have
with an ideal open circuit, we can compare that phase angle with
the angles derived from the non-ideal opens. The winner is the
angle closest to Tax. This is shown diagrammatically in Figure
Al.

Alx I lailcJTaxi

Ial1I-jTaxl

Figure Al. Determining the correct phase of A1

All values of the A matrix are now known.
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C. DE-EMBEDDING TE DEVICE

The device is inserted at the reference position, that is, the

junction of TRL transitions 1 and 2 (Figure A2). This pcsitiOn
need not be at the center of the line.

Reference
position

TRL Transition A TRL Transition B
-line length 1/2 -line length I1/2

Figure A2. Inserting the device at the reference position

[AD1 can be written to include the negative line lengthscI -L4/2 takenby the DanT frz the TRL transition line
lengths.

The R matrix for negative line length -Ld/2 is

R[ a'YI/2 0.(5

so

SA4.,4 ,. o.[, D RN] (26)

I R ARN 1J [
1  [x.72

1  (27)

RA4*RB4
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The values RA4 and RB4 have not yet been determined. We can
write

[ AB RA4-RB4 [. A . 3 ]  which yields

2AB4 - RA4.RB4 .(l + A3.B2). (28)

Substituting (28) into (27) gives the result

[,o] -R•D (29)
RAB4

Examination of this equation shows that all values to the right
of the - sign have been determined; therefore the device trans-
mission parameters can be calculated.

Finally, the 4-port device R parameters can be converted to the
device S parameters by the standard transformation methods.

[ D -I ,[2 ] dr w R1I-R22 - R12-21 (30)
R22 I I-R21
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APPENDIX D. DE-Embedded Data

The following is the de-embedded measured S-parameters

using a program written by [Ref. 7] using the methodology

discussed by Appendix C. which was written by [Ref. 7]. The

data includes the four required device measurements which

were essential in the de-embedding process.
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Table 16. MEASURED THROUGH S-PARAMETERS OF SHIELDED SSL
W= .450"

SSL450

FREGUENCY RETURN LOSS-IN LOSS-FORWaRD LOSS-REVERSE RETURN LOSS-Cu:

S11 $21 DELAY S12 S22

flHz D ANG D ANG u-SEC BE ANG D A C

2000.8f,00 19.27 -91.2 .16 176.0 .0008 .18 176.3 18.40 -82.5

2100.0000 38.52 -63.8 .15 147.3 .0008 .15 147.7 33.44 -94.5

2200.0800 19.23 20.? .15 119.9 .s008 .13 120.3 20.38 34.5

2300.0900 13.26 -6.? .26 90.3 .0086 .24 90.7 13.56 8.3

2400.0000 18.05 -34.4 .46 60.9 .0e08 .51 61.5 9.93 -17.9

2!80.0000 6.21 -63.8 .72 33.5 .008 .76 34.4 7.60 -44.5

26e0.Oeee 7.05 -91.3 .93 5.5 .007 .94 6.5 6.42 -70.2

270.0009 6.47 -118.3 1.27 -20.2 .6007 1.36 -16.8 5.65 -94.3

2e00.000 6.07 -146.5 1.46 -44.9 .0ee7 1.48 -43.5 5.13 -120.6

2900.0e8 5.91 -173.2 1.47 -70.6 .0e07 1.40 -69.3 4.96 -144.8

3000.0000 f.86 161.4 1.30 -94.4 .9007 1.24 -93.9 5.03 -168.7

3100.8088 6.46 133.9 1.04 -110.2 .0007 .95 -110.1 5.55 165.9.

Z::o.eee,0 ?.?f ; Z. .C: -144.T . Pe,- .41 - 144. ' 6.5? !41.l

3300.000 8.99 78.3 -- .6 -171.0 .6008 .40 -178.9 0.61 113.1

3400.000 12.14 50.1 .40 156.9 .e89 .34 159.5 12.34 86.1

3500.0800 19.49 29.7 .33 126.4 .089 .25 127.1 21.38 61.4

3600.00 24.49 162.4 .20 94.5 .e008 .18 94.9 19.08 -143.6

3?0.00e 10.92 132.8 .55 64.8 .0009 .45 64.8 9.67 173.8

380.0008 6.80 100.3 1.08 33.4 .s800 .98 33.3 6.40 142.7

3900.0000 4.71 71.6 1.77 5.8 .6007 1.68 6.1 4.59 114.7

4000.000 3.66 45.6 2.35 -20.1 .006 2.27 -20.5 3.67 89.3

.4100.eeeo 2.97 1i.e 2.85 -43.1 .90? 2.56 -43.4 3.13 66.6

4280.0000 2.67 -2.6 3.42 -66.5 .0e07 3.17 -66.3 2.94 42.9

4300.000 2.59 -25.6 3.68 -91.1 .8007 3.48 -08.6 2.96 20.1

4400.e000- 2.88 -48.0 3.30 -117.4 .007 3.31 -115.0 3.31 -.7

4t00.008 3.65 -71.3 2.16 -142 7 .rses 2.52 -141.5 3.74 -23.9
4600.0000 5.33 -93.7 1.28 -170.7 .00e9 1.51 -169.0 5.14 -49.4

4700.008 0.08 -106.5 .97 157.7 .8808 .90 157.5 9.18 -78.1
4600.000 9.08 -102.3 2.32 128.6 .6006 2.20 129.2 11.34 -59.6

4900.0000 11.34 -113.? 1.68 107.4 .0010 1.63 186.9 14.34 -79.?

5006.8e0 10.38 -87.0 1.10 70.6 .018 1.09 72.0 14.50 -6.5

5180.0eo 5.76 -97.6 1.62 33.2 .0009 1.90 34.4 6.23 -26.1

5200.0008 3.47 -120.2 2.90 .2 .00e8 3.26 3.3 3.27 -56.3

5300.8000 2.54 -144.1 4.24 -26.6 .000? 4.58 -25.0 2.02 -83.2
54,.000 2.22 -16!.3 5.82 -51.3 .8004 5.41 -52.4 1.56 -106.7

5500.000 2.10 174.6 6.02 -65.5 .006 6.8e -66.6 1.34 -130.1

5600.0000 2.12 156.3 6.41 -85.4 .8006 5.78 -86.4 1.37 -152.4

57ee.eee 2.35 130.7 6.07 -106.6 .8006 11.16 171.2 1.51 -173.0

500.0000 2.47 119.4 6.54 -127.9 .0007 11.97 50.0 1.91 162.3

5900.800 2.91 180.3 5.39 -154.2 .8807 12.57 -72.1 2.58 136.3

600.00 3.93 78.5 3.72 -179a2 14.06 161.? 3.91 106.0

Through Measurement S-parameters w=.450"
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Table 17. MEASURED THROUGH S-PARAMETERS'OF SHIELDED SSL
W= .300"

SSL30

FREQUENCY RETURN LOSS-IN LOSS-FORWARD LOSS-REVERSE RETURN LOSS-OUT
Sil S21 DELAY S12 S22

MHz DR RHG D RONG u-SEC DR RO DR RHOG

26.6e88 .3e 151.7 11.50 -95.6 .e003 14.95 -186.6 .40 127.7
2100.00e .35 134.9 9.28 z186.2 .084 14.12 -129.6 .30 15.2
2286.6000 .44 116.3 4.41 -119.4 .8016 13.90 -148.5 .26 46.4
2308.0e08 3.46 -19.3 -6.66 174.5 .024 13.17 -16S.2 .22 0.1
240.6808 .67 146.6 2.30 87.6 .6005 12.25 172.6 .30 -30.4
25e6.60e .37 117.5 6.24 69.1 .003 10.92 148.6 .51 -76.3
2600.6686 .29 99.4 9.69 56.1 .6801 6.98 126.4 .70 -116.0
2?0e.0080 .24 61.4 9.70 52.9 .003 7.45 109.2 .97 -168.4
200.0000 .32 63.5 9.45 43.0 .004 5.94 77.3 1.24 132.5
290.6000 .2e 46.1 7.15 26.1 .806 3.66 42.0 .7? 67.5
3666.6660 .61 -.5 2.56 7.6 .6817 2.35 9.1 .6? -1.3
:;LI.TeC2 2.-1 12!.9 -2.2! -!2.C .CC' 1.-a -_0.: :.,: Z7. 1
3208.6660 1.30 188.6 2.e5 -113.2 .o007 1.05 -57.? 1.78 -133.7
330.606e .45 56.2 5.91 -140.1 .8063 -. 26 -95.2 1.96 155.9
3400.6600 .26 29.1 7.23 -151.9 .003 -1.58 -129.4 1.48 74.1
3586.600 .19 5.7 7.85 -164.0 .004 -1.04 -173.2 1.24 -12.1
3600.0000 .34 -19.7 7.10 -179.7 .005 .25 146.5 1.29 -67.7
37ee.68e8 .63 -5e.7 5.45 163.2 .007 2.05 119.1 1.48 -151.5
3608.000 1.53 -99.7 2.96 138.5 .011 3.65 95.4 1.46 156.6
3966.0600 2.81 173.5 .39 97.3 .8013 4.08 69.4 1.13 166.5
4868.6608 1.66 72.3 .35 51.1 .8009 3.76 45.2 .87 61.9
410.6800e .77 12.2 2.25 20.3 .0006 3.55 21.3 .72 14.5
4260.6068 .63 -28.7 3.26 -1.6 .6066 3.16 -6.1 .85 -36.2
4380.0008 .92 -67.1 2.76 -22.? .seO6 2.35 -38.0 1.39 -99.6
44e.ee0 1.49 -11!.9 .85 -45.2 .8012 1.65 -68.7 1.78 -169.5
4580.8000 2.43 161.2 -.40 -86.8 .813 2.75 -164.7 1.53 116.9
4608.8eO6 1.77 59.8 .45 -134.0 .6643 3.66 -137.3 1.12 53.3
470e.6ee 1.80 -4.2 -.51 71.3 .6079 1.41 72.6 .86 -.0
4880.0800 .78 -44.7 1.65 147.5 .6679 2.55 144.6 .62 -46.9
4900.80e0 1.19 -73.9 2.31 -137.4 .0868 3.15 -148.2 1.41 -67.5
5680.6660 1.23 -112.2 1.8 -66.7 .8e1 2.82 -83.1 1.33 -138.6
5166.688 2.74 -164.1 -1.35 2.1 .086 1.45 -14.5 2.66 162.6
5266.800 7.81 100.2 -2.70 52.9 .0082 1.05 44.3 4.12 96.1
5388.00 7.31 -3.5 -. 75 119.1 .085 3.85 115.2 6.31 24.5
5400.880e 3.69 -45.9 -1.28 171.7 .6083 3.34 -173.1 3.96 -27.5
5500.6680 1.36 -78.6 6.28 -125.9 .0073 5.40 -110.4 1.91 -63.6
5608.6688 .65 -109.3 7.29 -26.6 .e076 7.14 -35.6 1.26 -129.6
5766.6e88 .49 -134.4 6.10 56.4 .8876 7.20 35.6 1.16 -166.3
5666.068 .40 -156.4 5.60 130.3 .8078 6.75 119.1 1.61 157.4
5980.6688 .66 175.e 2.41 -141.2 .6676 5.76 -161.8 1.62 123.0
6666.0000 1.12 136.9 -.26 -63.4 5.50 -62.2 .94 66.2

Through Measurement S-parameters w=.300"
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Table 18. MEASURED THROUGH S-PARAMETERS OF SHIELDED SSL
W= .225"

SSL225

FREOUENCY RETURN LOSS-IN LOSS-FORWARD LOSS-REYERSE RETURN LOSS-OUT
Sit S21 DELAY S12 S22

MHz D2 ANG DD ANG u-SEC D3 ANG 33 ANG

2660.000e 3.61 86.3 3.64 175.6 .6e12 4.57 176.2 3.49. 71.6
2168.6600 1.14 22.1 13.91 133.1 .6891 14.87 135.e .95 20.6
22ee.80 24.26 172.4 .14 164.3 .8013 .92 164.3 19.468 -16.1
230.880 9.9s 47.9 .40 117.3 .6e16 1.08 117.4 16.14- 19.8
2400.6800 10.77 18.1 .58 82.1 .9012 1.31 62.4 11.25- -9.1
2506.6000 19.99 22.7 .98 40.6 .8016 1.90 40.4 25.73. -2.2
2600.6000 2.65 24.9 9.76 -17.7 .0087 16.53 -15.6 2.80 27.0
2708.8000 3.30 -38.1 5.33 30.2 .0811 6.16 29.8 3.46 -41.6
2806.000 6.92 -64.5 1.77 -7.9 .8007 2.55 -0.4 7.17 -91.0
2900.8000 8.26 -128.9 .76 -34.8 .006 1.69 -35.0 6.62 -136.4
3000.6000 12.09 -159.5 .53 -71.0 .010 1.51 -72.3 12.04 -164.0
3180.6000 15.77 167.4 .61 -107.2 .013 1.53 -166.7 16.24 104.0
3!V'.P8e9 1..92 97.1 .S7 -102.! .099 1.:5 -!5:.e 12.?! S7.:.
3300.6009 1.95 -10.2 9.99 -126.4 .6010 16.63 -126.3 1.95 -16.2
3408.0000 3.44 -73.4 3.15 -163.6 .6016 4.17 -163.7 3.43 -76.1
350e.0080 5.52 -113.6 1.85 158.6 .0009 2.74 159.4 5.56 -116.9
3668.0000 6.73 -134.2 1.63 124.9 .008 2.49 125.3 6.65 -142.2
3766.6686 4.87 -166.6 2.63 94.7 .0884 3.61 94.9 4.60 -176.7
3800.00eo 23.97 156.0 -4.16 80.1 .6065 5.76 61.7 t7.33 113.9
3906.800 -9.70 91.1 -12.70 -153.8 .6029 -3.37 -19.9 -9.46 64.1
4660.6808 2.22 41.7 4.22 1e.3 .6038 11.54 -10.7 1.53 37.5
4100.0000 4.00 36.1 5.98 -35.1 .6619 9.82 -13.6 2.66 36.6
4208.68e6 .62 -23.9 3.13 -162.1 .eee 6.62 47.7 .66 -14.7
4388.0080 -2.46 105.6 -6.18 -22.9 .e25 -2.65 -96.e .32 129.7
4490.e899 9.20 -66.9 -3.46 -112.2 .0074 1.36 -59.7 4.18 -66.7
4500.8868 -3.88 56.7 -3.74 -20.1 .022 1.45 147.2 -4.60 63.6
4600.60eG 2.64 32.7 5.36 -99.8 .6637 11.34 -170.5 3.09 35.6
47ee.eeeo 1.23 21.7 12.94 128.5 .8e14 17.67 172.1 1.26 21.6
488.6600 -. 89 -11.5 4.35 78.2 .6073 0.10 -113.2 -.24 -10.1
4900.0066 -1.85 131.6 -6.3e 173.8 .029 -3.57 105.3 .29 142.4
58008.000 6.92 -67.5 -1.79 66.3 .0077 -. 29 141.5 1.56 -57.0
5196.6868 -1.56 52.8 -. 16 149.4 .0021 3.22 -9.7 -.79 70.6
526.008 2.20 15.5 6.59 74.2 .0036 11.74 43.6 4.36 10.3
5360.6006 -2.03 6.2 4.96 -54.3 .0023 12.41 39.1 4.0 -2.4
5406.980 -2.68 -24.2 -3.31 -138.6 .0061 5.75 56.3 -3.60 -45.1
Z500.066 4.69 -156.7 -7.07 2.6 .0026 .99 -44.6 -. 63 162.0
5608.000 4.60 -68.3 -3.42 -93.2 .6846 5.31 -28.5 9.62 -120.4
5700.0000 -7.91 -176.5 -11.24 95.7 .6642 -4.02 -101.8 -6.15 164.6
5sse.eeee 5.12 117.6 -. 28 -55.1 .6844 3.92 -124.6 2.74 96.8
5966.ee60 -1.07 147.7 -4.13 147.0 .6042 -. 92 -156.2 -1.36 136.7
668.6ee6 .65 22.2 19.27 -3.1 21.32 -161.1 .7 23.3

Through Measurement S-parameters w=.225
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Table 19. MEASURED REFLECT S-PARAMETERS OF TRL TRANSITION
A W= .450"

TRL TRANSITION A REFLECT Ww. A

FREQUENCY RETURN LOSS-IN
S11

MHz DI ANG

2M90.008 .51 -167.1
2190.e08 .44 163.6
2200.0000 .36 133.9
2300.oee .31 104.2
240e.0000 .27 74.0
2500.000e .32 43.9
2600.000 .41 13.0
2700.0000 .61 -15.5
288.eeoe .7e -44.7
2900.0000 .74 -72.1
3000.000 .02 -101.1
3100.000 .09 -129.2
320e.000 .91 -156.3
300w.e? .9 177.;
3408.080 .06 152.5
3500.0000 .76 126.5
3600.000 1.00 101.4
3700.0000 .65 00.4
380.000 .68 57.6
3900.0000 .39 35.4
4000.0000 .37 14.0
4100.080 .23 -0.2

42e.00808 .22 -30.3
4300.000 .30 -52.6
4400.000 .30 -74.)
4500.000 .46 -97.0
4686.0000 .56 -119.6
470e.00e .75 -144.5
4800.000 .94 -171.7
4900.0000 1.19 150.4
5oes.oe00 1.35 124.3
5100.000 1.36 06.0
5200.0000 1.16 41.1
5300.0000 .02 -5.5
5400.0000 .64 -40.6
5500.600 .54 -06.9
5600.0000 .62 -120.4
5700.e000 .69 -140.2
5000.0000 .00 -173.4

5900.0000 .91 164.3
6000.8000 1.02 144.2

Reflect Parameters TRL transition A. w=.450"
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Table 20. MEASURED REFLECT S-PARAMETERS OF TRL TRANSITION

B W= .450"

TRL TRANSITION B REFLECT W=.225

FREQUENCY RETURN LOSS-IN
S11

MHz D3 ANG

2000.080 .83 -151.3
21ee.eeeo .76 -178.4
228.8800 .62 153.5
230e.8000 .47 124.8
2408.8800 .31 96.3
2588.888 .21 66.2
2688.008 .17 36.5
278.0888 .16 6.1
2888.0000 .23 -23.4
29%).000 .41 -52.1
3088.0080 .53 -88.7
3188.080 .59 -108.2
3200.8808 .68 -135.1
3388.e808 .78 -161.2
3488.8888 .71 174.9
3588.08e .70 150.6
3688.8080 .89 127.8
3788.8800 .86 186.8
3888.8880 .76 85.2
3988.8880 .58 63.9
4888.8888 .52 42.9
4188.8888 .33 21.5
4288.8088 .28 -1.1
4388.8888 .27 -24.6
4488.8808 .22 -48.6
4508.0880 .33 -75.1
4688.088 .45 -181.6
4788.8888 .71 -138.2
4800.8e0 .96 -168.4
498e.0000 . 1.16 168.4
58ee.888 1.19 135.8
5100.8088 1.12 183.4
5288.8888 .98 69.5
538e.8888 .72 36.4
548e.0088 .54 3.7
5508.0888 .38 -27.6
5688.8800 .22 -57.6
578e.eeee .28 -86.8
5888.8080 .24 -115.1
5988.8888 .36 -141.9
6888.8888 .62 -167.1

Reflect Parameters TRL transition B w=.450"
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Table 21. MEASURED REFLECT S-PARAMETERS OF TRL TRANSITION

A W= .300"

TRL TRANSITION A E-'C ---- ---

FREQUENCY RETURN LOSS-IN

S11

MHz DR ANC

2089.8008 .27 169.3
2100.Oeee .19 138.4
2200.e0ee .16 109.4
2366.6680 .12 61.3
2400.6o60 .07 54.6
2506.6866 .18 27.4

2606.8e .15 1.4
2709.eeee .27 -23.e
296e.6666 .40 -49.6
2966.6666 .55 -74.0
39e6.6ee .77 -99.9
3166.e66 1.6 -124.9
3200.60 1.33 -149.3
33A 989 1.56 -177.1
3406.0680 1.67 164.6
3566.e96e 1.59 141.0
360e.e0e8 1.65 117.3
37009.666 1.34 95.8
380.96006 .96 71.6
3900.66 .54 47.2
4666.6606 .47 23.1
4109.900 .25 -1.6
4206.6ee .24 -26.6
439.9880 .33 -51.9
4460.6000 .26 -77.1
4S6.eo .44 -194.1
4696.06 .50 -132.0
4700.906 .64 -163.6
4680.906 .06 166.9
4906.990 1.91 123.5

5666.6969 1.36 82.7
5196.0000 .91 41.7
520.6960 .63 1.4
5300.609 .42 -35.7
546. "SO .26 -67.6
5500.9009 .19 -97.0
569e.6666 .26 -124.0
5700.6e66 .36 -147.5
5666.6e6e .56 -176.6
5900.000 .67 169.?
6096.9609 .05 151.e

Reflect Parameters TRL transition A w=.300"
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Table 22. MEASURED REFLECT S-PARAMETERS OF TRL TRANSITION

B W= .300"1

FSEOUEHCY RETURN LOSS-IN
S11I

liNx DR RNC

2800.9880 .14 -169.6
21se.9see .04 162.4
2200.0060 .00 135.1
23P0.9090 .01 198.4
240.e8b -.00 02.8
25eaeeee .03 56.2
2600.0080 .14 38.9
2788.8080 .16 5.5

2900.0000 .25 -43.0
3e0.8e0 .24 -67.0
319e.0000 6.13 -98.8
328.8888 .26 -114.9
s3do.Q;D0 .27.

3488.G008 .32 -;61.1
3589.8800 .29 175.5
3680.0000 .4e 151.4
3788.8008 .52 129.1
3888.80 .53 185.?
3988.0080 .48 81.9
4088.8888 .58 57.6
418.00 .33 33.2
4200.8000 .34 7.4
4308.8800 .28 -19.7
4400.8000 .15 -47,2
4500.000 .17 -77,2
4608.8800 .15 -186.8
4700.8088 .22 -138.4
480e.eee .34 -171.2
4900.0800 .54 156.2
580s9080 .67 123.7
5188.08 .03 92.0
5208.8800 1.12 63.4
5300.000e .68 35.S
5400.00888 .49 7.8
5588.08 .35 -18.4
56980908 .13 -43.4
579e.900s .85 -67.8
56ee.ooee -.02 -91.3
5988.0800 .02 -115.7
608.080 .17 -139.6

Reflect Parameters TRL transition B W=.30011
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Table 23. MEASURED REFLECT S-PARAMETERS OF TRL TRANSilIuP

A W= .225"1

TRL TRA~NSITION A REFLECT W-.225

FREQUENCY RETURN LOSS-IN

2000.600e .33 141.3
2100.0900 .21 114.7
228.Oe00 .32 91.1
2388.e88 .22 67.4
2408.8886 .99 45.6
2500.9000 .18 22.8
2600.OeOO .16 .4
2708.0088 .23 -21.2
2s9e.seee .36 -44.4
2900.0888 .48 -66.3
3900.0000 .67 -98.4
3188.00 .79 -113.7
3288.8888 .03 -138.6
330.8888 .83 -164.2
34 2.aZe .22 170.3
3588.8086 .08 143.3
3688.088 1.88 116.2
3788.80 1.93 92.2
3888.8088 .01 65.6
3988.6888 .46 37.4
40eo.0eee .39 8.2
4188.088 .26 -23.8
4288.0880 .33 -57.8
4308.8888 .48 -98.9
4488.8888 .61 -124.6
4588.8088 .87 -157.8
4688.8888 .95 169.9
4708.80 .97 139.0
4888.808e .97 188.9
4988.8888 .78 81.2
5008.8886 .73 51.9
5188.0088 .537 23.7
520e.GeOG .40 -5.5
5388.088 .29 -35.2
5400.88 .22 -63.9
5580.988 .21 -93.8
5608.8888 .26 -121.6
788.8808 .s8 -146.9

5888.8088 .65 -171.3
5988.8088 .72 166.8
6988.8890 .96 146.2

Reflect Parameters TRL transition A w=.225"1
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Table 24. MEASURED REFLECT S-PARAMETERS OF TRL TRANSITION

B W= .22511

TRL TRANSITION 2 REFLECT Wlw.225

FREQUENCY RETURN LOSS-IN
Si11

Mi~z Do ANG

2000.0000 -.06 141.4
2190.00e -.04 115.4
220.0000 -.64 91.2
2300.800 -.60 67.5
2400.0000 -.01 45.2
2500.0800 .14 22.0
2606.e08 .14 -.1
2760.0000 .23 -21.!
280e0000 .25 -43.0
2900.0000 .26 -64.9
3000.0080 .27 -690
3169.0000 .27 -111.2
3200.6000 .27 -135.4
3360.8000 .31 -160.?
34em.ec, .?0 17o.2
3500.000 .36 146.4
3600.0600 .60 117.1
3700.9000 .64 69.9
3800.000 .57 59.4
3980.0600 .35 27.9
4000.00e0 .32 -3.8
4160.6600 .21 -37.4
4200.60 .20 -70.!
4300.6000 .30 -202.7
4400.000 .29 -134.5
4500.0000 .51 -26!.6
4600.0000 .60 163.5
4708.0000 .67 133.2
4so.osee .60 103.2
4900.6000 .66 75.0
59000.6080 .66 45.0
5160.6060 .53 16.?
52e9.9090 .33 -11.4
539e.000 .22 -30.6
5480.000 .12 -64.1
550.0000 .05 -69.4
5600.0000 .11 -114.2
5700.6000 .14 -137.2
5800.6000 .30 -160.4
59800600 .51 177.7
6660.6006 .76 157.1

Reflect Parameters TRL transition B w-.22511
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Table 25. MEASURED S-PARAMETERS 
WITH ADDED LENGTH

W= .450" La= .3937"

SSL W8.450 LENCTme.3937

FREQUENCY RETURN LOSS-IN LOSS-FORWAPD LOSS-REVERSE RETURN LOSS-OL

S11 S21 DELAY S12 622
Dz B PNG Da ANG u-SEC D1 ANG V1 ANG

2800.80 1e.94 55.3 -!.35 130.4 .9686 2.57 141.1 11.66 39.7

2100.6000 18.93 27.2 -1.49 116.1 .600 2.66 121.7 19.90 14.7

22e0.800 9.51 9.6 -1.70 95.1 .6606 3.61 99.1 9.77 -2.(

2360.8eOO 6.45 -12.4 -1.55 74.9 .6696 3.53 0.5 6.62 -22.1

24:0.8800 -.76 -14.1 -.81 07.0 .030 6.11 107.6 -.33 -27.!

25ee.e00 12.33 92.3 -1.17 -19.2 .8003 1.70 -16.7 13.33 56.4

2580.000 25.89 -107.1 -1.43 -29.7 .006 2.36 -26.4 26.93 -72.!

2700.000 20.06 -129.9 -1.67 -51.7 .6015 2.54 -47.9 16.32 -115.7

288.eee 5.59 93.2 -1.43 -165.2 .6687 -. 17 -44.1 5.67 95.E

298.868e -.97 -77.7 -5.67 -59.3 .6642 -3.79 -117.2 -1.41 -76.'

369.68600 -1.69 50.4 1.20 146.1 .076 4.66 -20.2 -1.26 32.E

3106.6600 .37 3.8 7.98 -126.1 .9693 12.54 -44.3 1.54 S.S

3260.6660 6.57 133.7 .24 -102.6 .012 4.96 179.3 9.16 136.f

3366.6666 -13.44 -67.5 -14.97 -147.5 .033 -16.93 7.6 -13.49 -97.(

3408.8000 13.64 99.6 -1.2. 94.6 .092 1.49 124.2 12.16 101.:

3500.680 -7.40 -96.9 -1.10 123.8 .036 -7.66 34.3 -6.96 -164..

360.66ee -.30 7e.e .64 -6.9 .6669 2.63 154.7 -.79 65.f

370.9060 6.69 24.3 1.62 31.9 .6637 4.90 0.2 .. 44 34.1

3600.000 -.77 38.3 7.70 -100.1 .6e53 12.70 -126.6 -1.62 33.!

3966.600 .11 -2.6 7.08 67.19 .0643 9.60 -106.7 -.85 1.'
4600.6600 .61 76.4 -4.27 -67.3 .0002 5.12 -26.1 9.56 54.(

4166.60e0 -5.62 -169.3 -16.96 -96.2 .0621 -2.63 169.9 -11.15 -136.Z

4260.000 1.63 33.6 3.60 -173.4 .005 15.47 -50.6 3.37 47.C

4360.0080 8.10 48.1 4.36 167.2 .0084 6.42 175.2 3.55 45.S

4466.0000 1.41 -2.6 4.90 -135.1 .6011 9.34 98.4 .65 -1.:

4506.8000 -12.61 -111.6 -15.53 -175.6 .6016 -9.81 -49.6 -12.68 -99.'

4600.0900 19.63 76.0 -2.54 120.6 .0027 5.64 129.7 11.35 -51.f

470.000e -4.69 116.6 -10.43 24.4 .60eo 1.25 -104.1 -6.49 145.7

480 0.600 1.60 23.0 7.05 23.7 .6696 17.80 109.7 4.35 31.!

4908.0666 2.52 -1.4 4.62 37.7 .0100 9.40 -36.8 4.35 -16.6

5666.6666 -2.13 -37.3 .49 38.4 .6620 2.37 -150.3 -2.26 -59.7

5160.6060 2.68 -115.6 -.78 -33.7 .001 .66 33.9 .45 -154.0

5260.0608 3.25 -64.0 1.64 -38.6 .0612 2.20 -79.9 5.63 -123.

5300.000 -4.70 -149.0 -4.67 -01.1 .011 -3.30 125.0 -4.79 -176.!

5400.6606 4.51 142.4 .46 -121.2 .002 2.95 -22.0 2.77 125.0

550.00 4.26 -177.2 -3.66 -127.7 .a!5 1.66 -143.2 3.53 172.e

580.6660 1.63 33.3 10.44 176.2 .6666 16.94 53.6 1.60 36.!

5700.0000 6.60 -124.2 -4.74 155.3 .0015 4.55 -161.2 5.23 -152.S

5866.600 .01 -126.6 -4.77 101.1 .6664 1.65 30.5 1.86 -153.7

590.6666 -1.13 -158.3 -.22 66.3 .6666 .24 -162.7 -2.17 152.Z

608.66e0 5.67 -172.6 3.06 65.1 3.6 126.6 3.62 119.

Measure S-parameters with adcled Length. Law.3937" VC.550"
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Table 26. MEASURED S-PARAMETERS WITH ADDED LENGTH

W= .300" La= .3937"

SSL W=.308 LENCTH-.3937

FREQUENCY RETURN LOSS-IN LOSS-FORWARD LOSS-REvERSE RETURN LOSS-C
$11 $21 DELAY S12 S22

HNz 3 ANG DI ANG u-SEC D2 ANG DD ANG

2008.ee88 18.31 44.3 .42 152.4 .eee8 7.77 -103.2 2.8l -3.
2188.888 9.58 12.5 .67 125.2 .8988 6.52 -97.8 2.26 -66.
22ee.666 9.66 -11.2 .55 97.7 .688 7.62 169.8 1.75 -164.
2388.886e 11.83 -33.9 -. 48 67.9 .8se9 8.37 175.8 1.36 114.'
2488.8008 14.82 -58.2 .25 36.9 .888 9.16 177.5 1.24 182.
2588.8888 17.23 -97.2 .13 9.8 .88e8 9.e 62.4 .83 29.
2688.980 21.76 -159.1 .28 -19.9 .8e88 9.69 97.1 1.82 -48.-
2788.8888 23.35 116.3 29.76 -58.3 .8897 8.16 93.3 1.54 -43.
2888.88 21.62 45.5 38.59 -75.7 .8052 6.41 -. 3 2.63 -129.:
2988.8888 15.25 -6.8 24.96 96.6 .8825 6.18 3.1 2.92 158.
3886.eeee 12.28 -33.8 21.61 6.6 .8825 6.64 7.2 2.31 65.-
310e.eee 16.78 -64.7 28.15 -82.9 .6849 6.63 -64.5 1.61 -18.*
3288.8888 9.39 -93.e 19.11 98.9 .826 9.38 -178.3 1.53 -9.i
33e0.880e 6.63 -128.6 18.7' 4.8 .eela .?: -13.! !.41 -96.-
3480.Oeee 7.73 -156.1 17.36 -172.4 .8823 18.64 -172.8 1.38 176.:
3508.88e 6.85 -178.7 16.48 185.4 .826 18.17 -166.6 1.28 -171.:
3688.888 6.27 156.8 15.58 12.3 .ee24 9.72 -166.1 1.67 -168.S
3?e.8e88 5.85 138.5 14.62 -72.5 .8858 8.86 188.6 1.63 1s8.i
3888.8888 5.99 185.9 15.48 106.8 .0825 6.98 187.6 1.64 2S.7
390.8808 6.99 81.1 16.77 16.9 .8049 5.33 106.3 2.23 26.1
4888.e888 8.16 54.7 18.01 -159.8 .0825 3.23 15.8 4.17 -53.Z
4188.0808 10.48 29.3 28.15 118.8 .0024 2.47 17.3 5.15 -135.7
4200.8800 13.94 6.3 23.74 25.6 .9025 3.51 22.6 3.58 140.7
438e.eee 17.62 28.1 27.16 -65.8 .0025 4.34 -69.8 2.73 55.4
4488.eee 15.63 59.1 24.93 -155.2 .8826 4.68 -66.7 2.64 66.9
4588.880 13.37 68.8 22.69 112.8 .8822 3.62 -61.9 3.12 -21.6
4608.880e 18.95 49.9 19.97 32.8 .8826 2.54 -153.6 4.06 -183.?
47e.6888 18.21 37.8 19.61 -62.0 .9049 1.40 -148.7 6.16 -179.7
488.0008 18.15 14.9 19.17 122.7 .824 1.62 -147.2 5.95 100.3
4988.eee 9.04 .1 18.39 36.4 .8026 3.17 124.6 3.57 12.5
58ee.e88 7.83 -16.5 16.82 -56.4 .8848 4.57 39.3 2.45 -75.9
5188.8088 6.99 -48.7 16.67 138.9 .0026 4.84 58.8 2.31 -64.8
5288.eeee 6.33 -84.1 17.92 38.5 .8643 4.34 37.8 2.80 -146.6
5380.868e 20.22 -121.5 29.17 -117.3 .6863 3.73 -45.6 3.65 138.0
5488.8898 13.77 9.9 24.18 -57.5 .0948 2.78 -47.3 4.69 134.8
s58.eeee 7.88 -34.0 16.81 128.8 .0623 4.51 -46.2 2.64 -42.6
56886888 4.22 -71.6 14.05 46.5 .6847 0.61 -132.3 1.55 -41.9
5788.8888 2.87 -111.8 13.12 -122.3 .8e26 11.83 -126.9 .96 -114.3
5888.8888 1.60 -159.9 11.55 135.2 .8876 16.43 -174.9 .06 152.9
5908.0688 6.52 22.4 19.26 -136.8 .0873 2.50 -133.3 12.62 174.9
6086.0888 4.76 -147.6 14.46 -48.9 7.86 -124.0 1.35 175.8

Measure S-parameters with aded Lerth. Las.3937" w.300"
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Table 27. MEASURED S-PARAMETERS WITH ADDED LENGTH

W= .225" La= .3937"

$SL W..Z:5 LENGTHO.3937

FREQUENCY RETURN LOSS-IN LOSS-FORWARD LOSS-REVEPSE RETUR1 LOSS-C

511 S21 DELAY S12 S22

~m4z DR ANG DB NG w-SEC DR ANG D AN

2e00.e0e 1.79 -19.6 5.E3 -120.2 .016 .62 171.4 7.92 96.

21e0.090 2.36 -95.3 3.29 -154.6 .9012 .91 172.0 7.31 ISe.

2200.0900 3.40 168.2 3.47 163.9 .6811 .75 171.6 7.63 7.

2300.eeee 2.40 69.0 4.44 125.2 .9999 .43 86.7 9.00 21.

2400.000e 1.64 35.0 5.70 93.4 .006 .57 65.0 12.63 -53.

2500.000 1.48 -10.7 5.67 69.9 .eee? .32 83.2 16.76 -55.

26006800e 1.69 -57.3 5.36 44.3 .ees8 .31 -.3 23.64 -33.

2700.0000 2.47 -108.1 4.46 15.7 .0009 .22 .9 23.67 34.

2800.8080 3.16 -177.5 3.12 -15.3 .0011 -.02 -. 4 16.70 -35,

2900.e000 3.14 97.6 3.24 -53.3 .0010 .14 -85.6 12.52 -29.

300.9ee0 2.35 22.5 4.44 -09.2 .008 .49 -84.2 9.35 -22.

310.0000 1.00 -31.6 6.63 -110.3 .98 .37 -$5.4 0.16 -17.

3200.000 1.59 -?S.2 7.19 -147.1 .0006 1.07 -169.5 7.47 -I00.

3300.000 1.43 -116.e 7.49 -168.0 .e934 t.44 -1(9.7 7.50 -97.

346i.Sb00 1.58 -152.9 7.54 175.8 .9005 1.39 -171.2 7.70 -175.

3500.000 1.67 166.9 6.04 157.2 .0907 .93 104.1 7.68 -172.

3600.9000 2.09 126.0 6.11 131.6 .8000 .70 102.6 3.28 -170.

3700.0009 2.40 81.1 4.96 107.0 .9008 .71 180.7 9.e3 W87.

3800.0008 2.93 23.9 3.26 76.0 .0811 .60 17.3 9.06 115.

39009.0e0 4.10 -44.6 2.53 39.4 .0010 .41 17.5 11.52 28.

4000.ee9e 4.64 -122.2 1.88 3.6 .8009 .28 17.1 14.11 39.

41009000 4.27 165.5 2.06 -29.2 .0987 .1e -67.4 16.40 -50.

4209.0000 3.94 111.5 2.62 -55.3 .0007 .28 -66.3 14.90 -136.

4380.0890 3.53 62.4 2.74 -00.4 .90e9 .62 -69.4 15.16 146.

4400.900 3.93 12.8 2.03 -111.9 .0098 .73 -156.4 11.42 63.

45e0.000 5.04 -36.5 1.15 -142.1 .0009 .69 -154.4 9.98 63.:

4600.0000 8.45 -97.4 .59 -173,9 .0010 .68 -153.8 7.78 80..

47ee.000 11.83 157.4 .42 149.9 .0010 .61 124.3 9.17 -. !

4see.eoee 7.66 61.0 .88 112.1 .0008 .05 123.5 0.48 Is.

4909.0000 4.89 1.6 1.97 82.1 .6076 .75 124.4 8.28 -74.!

5009.009 3.47 -45.1 12.75 168.5 .0011 .95 39.8 2.83 -77.:

510e.000e 3.16 -06.0 12.62 129.0 .9026 .53 39.1 10.37 -63.7

5200.000 3.65 -123.8 13.35 37.4 .0049 .36 39.2 14.68 -134.:

5300.000 4.79 -176.9 14.56 -137.9 .6049 .54 -44.7 26.90 159.

5490.0000 6.54 119.3 16.23 43.9 .0050 .31 -46.9 24.59 -30.

5500-9.00 6.87 23.6 16.15 -136.9 .0349 .61 -47.5 15.74 -55.t

5600.0000 4.38 -55.4 13.94 47.4 .0039 1.32 -132.6 11.01 -110..

5760.0800 2.75 -169.7 12.57 -92.1 .8037 2.15 -138.1 7.5? -112.-

5eee.ee00 1.92 -146.9 11.65 135.1 .004e 3.28 -133.6 4.72 -114..

5900.000 1.91 -177.2 11,91 -38.3 .9024 3.21 142.4 4.t4 -124.

6060.000 1.07 154.1 11.39 -124.6 2.92 143.3 3.03 176.:

r

Measure $-parameters with added Length. Le-.3937" wu-.225"
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